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First Isolation of West Nile virus

from a Patient with Encep

halitis

in the United States

Cinnia Huang,* Brett Slater,* Robert Rudd,* Nandakishore Parchuri, Rene Hull,*
Michelle Dupuis,* and Alexander Hindenburgt

West Nile virus (WNV) was isolated from a patient who developed encephalitis while undergoing treatment
with CHOP (cyclophosphamide, hydroxydoxorubicin, vincristine [Oncovin], predisone) and rituximab for a
non-Hodgkin B-cell lymphoma. Both standard reverse transcription—polymerase chain reaction (RT-PCR)
and Tagman RT-PCR established the diagnosis of WNV infection from cerebrospinal fluid (CSF). Several
whole blood samples and one serum sample underwent further testing. CSF and serum samples were
negative for WNV antibody; however, all samples were positive by both RT-PCR assays. Infectious virus
was recovered from a blood sample, and its identity was confirmed by using a WNV-specific immunofluo-
rescence assay. The complete WNV genomes determined from CSF and from the virus isolate adapted
from cell culture were the same. The results represent the first complete WNV genome sequence obtained
directly from human CSF and the first time that infectious WNV has been recovered from a patient with

encephalitis in North America.

West Nile virus (WNV), an arthropod-borne virus, is a
member of the Japanese encephalitis virus serocomplex
of the genus Flavivirus, family Flaviviridae (1), discovered in
Uganda in 1937 (2). Although WNV infections are usually
mild or asymptomatic, in some instances, a severe and fatal
encephalitis is produced, typically in the elderly (3). This virus
was first recognized in the Western Hemisphere in an outbreak
in New York in 1999 (4). As of October 2, 2002, a total of
2.671 cases of human illness in the United States have been
reported to the Centers for Disease Control and Prevention
(CDC). Although WNV has been recovered from mosquitoes,
birds, and horses, no isolations from humans have been
reported in the Western Hemisphere. Thus, all prior data
regarding the virus responsible for human illness in North
America have come from nucleic acid sequencing of the viral
genome in either cerebrospinal fluid (CSF) or brain tissue. We
describe the first isolation of WNV from a human case-patient
associated with the U.S. outbreak. Because the virus was also
directly detected by reverse transcription—polymerase chain
reaction (RT-PCR) in specimens from the same patient, we
were able to compare the entire genomic sequence of the
directly detected virus with that of the cell-culture isolate.

Case Report

The patient was a 70-year-old woman, who has been diag-
nosed with intermediate-grade, CD 20-positive, B-cell non-
Hodgkin lymphoma, involving a left intraparotid lymph node.
Staging workup demonstrated stage 1-A disease. Treatment
plans for the patient included three courses of CHOP (cyclo-

*Wadsworth Center, New York State Department of Health, Albany,
New York, USA; and tWinthrop University Hospital, Mineola, New York,
USA
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phosphamide, hydroxydoxorubicin, vincristine [Oncovin], and
predisone) chemotherapy plus rituximab (chimeric CD 20
monoclonal antibody), to be followed by involved field radia-
tion. After the first cycle of chemotherapy in July 2001, neu-
tropenia developed and the patient was treated with
granulocyte colony stimulating factor (GCSF) following both
the second and third cycles of chemotherapy. The third cycle
of chemotherapy was administered on September 11, 2001.
Four days later, she was treated with oral levofloxacin for low-
grade fever. On day 7 after chemotherapy, she was admitted to
the hospital with fever, cough, chills, rhinorrhea, joint aches,
decreased appetite, lethargy, and lightheadedness. She had no
recollection of any ill contacts or insect bites. She was a resi-
dent of southern Nassau County, New York, and did not have a
history of travel. Physical examination was within normal lim-
its. The patient was neutropenic; G-CSF was continued, and
she was given cefipime and gentamicin. One day after admis-
sion, she continued to have fever and experienced mild head-
aches that responded to acetaminophen. Urine cultures showed
penicillin-sensitive enterococci, and blood cultures were nega-
tive. Two days after admission, the patient continued to have
fever, headaches, and dizziness. A computed tomography (CT)
scan of the brain revealed no acute cerebral processes. On the
3rd day after admission, the patient was noted to be confused.
Further deterioration of mental status was noted, with incom-
prehensible speech, but she was able to follow commands.
Arterial blood-gas analysis showed an acute respiratory acido-
sis pattern, and the patient was subsequently intubated and
transferred to the intensive care unit. The patient had a
hypotensive episode secondary to atrial flutter, which required
cardioversion for stabilization. Ceftriaxone and ampicillin
were added to the antibiotic coverage, and antifungal treatment
was also initiated with lipid complex amphotericin B. After

* Vol. 8, No. 12, December 2002 1367
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the patient’s hematologic parameters improved, G-CSF was
discontinued on day 9 of hospitalization, and the patient con-
tinued to be afebrile. Because of the clinical picture of enceph-
alitis and because the patient lived in an area where WNV was
endemic, lumbar puncture was performed on day 8, and a CSF
specimen was sent to the New York State Department of
Health laboratories for comprehensive PCR testing. Renal
tubular necrosis developed in the patient, leading to acute
renal failure by day 10, with further deterioration of her mental
status. Dialysis was initiated on day 16, and antibiotic therapy
was discontinued on day 17 as the patient remained afebrile
and the neutropenia resolved. The patient remained unrespon-
sive, staphylococcal septicemia developed, and she died on
day 35 of hospitalization. Autopsy showed a small focus of
perivascular lymphocyte cuffing in the mamillary bodies of
the brain, consistent with viral encephalitis. No evidence of
residual lymphoma was found.

Materials and Methods

The PCR Laboratory associated with the Virology Diagnos-
tic Services, Wadsworth Center, New York State Department of
Health, has developed a panel of PCR and RT-PCR assays that
allow tests on CSF and brain tissue for a wide range of viruses
associated with human central nervous system (CNS) infec-
tions. Specifically, the test battery includes herpes simplex
viruses (types 1 and 2), varicella-zoster virus, cytomegalovirus,
Epstein-Barr virus (Human herpesvirus 4), enteroviruses, and
the following arboviruses: Eastern equine encephalitis, Califor-
nia serogroup (LaCrosse virus [LACV], Jamestown Canyon,
and others), Powassan virus (POWYV), St. Louis encephalitis
virus (SLEV), WNV, and Cache Valley virus.

RNA and DNA were simultaneously extracted from 0.25
mL of CSF sample with Trizol LS reagent (Invitrogen, Carls-
bad, CA) according to the manufacturer’s instructions. Briefly,
RNA was first transcribed into cDNA with random primers
(Roche Diagnostics Corp., Indianapolis, IN), and an aliquot of
this cDNA (5 pL) was used in PCR reactions with primers for
detecting viruses in the test panel. Aliquots of DNA were also
examined for the presence of the herpesviruses in the panel.
Amplification products were analyzed on a 2% agarose (EM
Science, Gibbstown, NJ) gel containing ethidium bromide.

Routinely, for any virus for which a band corresponding to a
positive result is observed, the band is run into low melting
agarose, and sequenced directly on the gel slice without fur-
ther purification. DyeTerminator sequencing was performed
on an Applied Biosystems Model 373A automated sequencer
(Foster City, CA). For the TagMan assay, one-step RT-PCR
Ready-Mix Kit (Applied Biosystems) was used. The primers
and probe for the quantification of the RNA copy number of
WNV used in this study are listed in Table 1.

Virus was isolated by using monolayers of Vero cells
grown in tubes. Aliquots of 0.01 and 0.05 mL of whole blood
were pretreated with antibiotics (penicillin and streptomycin)
for 30 min at room temperature (22°C); 1 mL of Eagle's mini-
mal essential medium containing 2% fetal bovine serum was
added to the treated blood samples, and the mixtures were
used to inoculate the Vero cell monolayers.

After incubation for 24 hr at 37°C, the monolayers were
rinsed with phosphate-buffered saline, 2 mL of fresh medium
was added, and the culture was subsequently monitored daily
for cytopathic effects (CPE). Cell monolayers that showed
CPE were harvested. To confirm that the infectious agent was
WNYV, an aliquot of the supernatant serially diluted (10'4710'6)
was used to infect fresh Vero cell monolayers. Virus-infected
monolayers from the second passage were examined for WNV
antigen by immunofluorescence assay (IFA) by using mono-
clonal antibody H5-46 (provided by CDC, Fort Collins, CO).
This monoclonal immunoglobulin (Ig) M antibody is specific
for a glycoprotein epitope on WNV.

Results

Diagnosis of WNV Infection

CSF was simultaneously examined for a panel of 11 viruses
by RT-PCR/PCR as described in Material and Methods. No
amplification product was observed for any other virus in the
PCR battery except WNV. Two primer pairs (CU9093/CL9279
and D87F/D156R) in the NS5 region (5,6) of the WNV genome
were used in the initial screening by standard RT-PCR (Table 1).
PCR products of appropriate size for both primer pairs were
obtained (Figure 1). RT-PCR was independently repeated on
another aliquot of CSF by using four primer pairs located in var-

Table 1. Oligonucleotide primers and probe used in the standard RT-PCR and TagMan assays?

b

Primer Genome target Genome position Sequence (5'-3") RT-PCR product size (bp)
CU9093 NS5 9097-9120 AGYMGRGCHATHTGGTWYATGTGG 206

CL9279 NS5 9302-9283 TTCCAVCCDGCKGTRTCATC

D87F NS5 10034-10051 GCTCCGCTGTCCCTGTGA 70

DI56R NS5 10103-10083 CACTCTCCTCCTGCATGGATG

Forward ENV 1160-1180 TCAGCGATCTCTCCACCAAAG 70

Reverse ENV 1229-1209 GGGTCAGCACGITTGTCATTG

Probe ENV 1186-1207 TGCCCGACCATGGGAGAAGCTC

3RT-PCR, reverse transcription—polymerase chain reaction.
5Genome position according to GenBank accession no. AF196835.
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Figure 1. RT-PCR detection of West Nile virus RNA in cerebrospinal
fluid. Lanes 1 and 3: negative controls; lanes 2 and 4: cerebrospinal
fluid; lane M: 50-bp DNA ladder. Primer pairs used: lanes 1 and 2:
CU9093/CL9279; lanes 3 and 4: D87F/D156R.

ious genomic regions of WNV. PCR bands with the expected
sizes were present in all four reactions (data not shown). The
identity of the PCR bands was confirmed by sequence data
obtained directly from the PCR amplicon. The diagnosis of
WNYV infection was based on the detection and sequence of the
WNYV genome in CSF. Although the serologic test (IgM capture
enzyme-linked immunosorbent assay [ELISA]) on the CSF
sample was negative for WNV, according to the interpretations
set forth by CDC, the detection of viral genome sequence in
CSF meets the definition of a confirmed case.

RESEARCH

TagMan Assays

To follow up this case, three whole-blood samples and one
serum sample were examined by both standard RT-PCR (prim-
ers in NS5 region) and TagMan (primers in ENV region)
assays; the results are summarized in Table 2. The highest
RNA copy number, 2.5 x 100 copies/mL, was found in the
blood sample that was collected 3 days after the patient’s neu-
rologic symptoms appeared. WNV genome was also detected
in a serum sample collected on day 19 after onset of symp-
toms. Serologic tests (IgM capture ELISA and IgG ELISA) on
serum for Eastern equine encephalitis virus, LACV, POWYV,
SLEV, and WNV were all negative.

Other Clinical Data

Laboratory studies of the CSF indicated the following val-
ues: leukocyte (WBC) count 8 mm?> with 66% neutrophils, 4%
lymphocytes, 4% atypical lymphocytes, and 26% monocytes;
erythrocyte count 0; glucose level 76 mg/dL; total protein
level 55 mg/dL, and lactate dehydrogenase level 35 TU/L. Fig-
ure 2 presents fever curve, WBC curve, and viremia data. The
serum immunoglobulins at the time of infection with WNV
were 1gG 492 mg/dL (normal level [nl]) 700-1,500 mg/dL),
IgA 86 mg/dL (nl 65450 mg/dL), and IgM 80 mg/dL (nl 45—
230 mg/dL).

Virus Isolation

The attempt to isolate WNV was carried out in a biosafety
level 3 laboratory not routinely used for arbovirus work and
located in a building separate from the facility where PCR test-
ing was conducted. This procedure had the dual advantage of
minimizing the possibility that any virus recovered originated
from a source other than the human specimen and also ensur-
ing that any isolate obtained would not lead to future spurious
PCR results. A blood sample collected on September 24, 2001,
and a CSF specimen collected on September 26, 2001, were
chosen for recovery of the virus because of the presence of
high-copy-number viral RNA. On day 6 postinfection, CPE
was observed in the tubes inoculated with 0.01 mL and 0.05
mL of blood, but not in the tube inoculated with 0.1 mL of
CSF. WNV was confirmed in the second-passage cell cultures
by IFA by using WNV-specific monoclonal antibody H5-46.

Table 2. Detection of West Nile virus in human specimens by TagMan and standard RT-PCR assays?®

Specimen Collection date RNA (copy/mL) Cr Rn STD RT-PCR Serology Cell cultures
Blood 9/21/2001 22x10° 31.6 0.48 Positive n.d. n.d.
Blood 9/24/2001 2.5x10° 20.4 3.71 Positive n.d. Positive
CSF 9/26/2001 1.1x 10° 20.4 3.71 Positive Negative Negative
Blood 10/02/2001 54x10* 25.8 2.70 Positive n.d. n.d.
Serum 10/10/2001 3.7x10° 28.5 0.70 Positive Negative n.d.

2C, threshold cycle number, the cycle number at which fluorescence increases above a fixed threshold value; Rn, normalized fluorescent signal, the fluorescent signal generated by the
reporter dye; STD, standard; RT-PCR, reverse transcription—polymerase chain reaction; n.d.: not done, CSF, cerebrospinal fluid.

Emerging Infectious Diseases ¢ Vol. 8, No. 12, December 2002
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Figure 2. West Nile virus copy numbers in clinical samples and clinical.
WBC, leukocytes. Detailed sample information is listed in Table 2; day 1
is date the patient was hospitalized, 9/18/2001.

Sequence Analysis

Since only a very small amount of CSF remained after the
diagnostic work-up, we carefully designed a protocol to gener-
ate PCR bands with sizes ranging from 500 to 1000 bp. This
protocol allowed the complete genome sequence of the virus
in the CSF to be determined by sequencing overlapping PCR
bands (GenBank accession no. AF533540). We used a similar
protocol to obtain the genome sequence of the isolate adapted
from cell culture and found that the sequence data from the
virus in the CSF and from the WNV isolate were identical. A
1648-bp fragment encoding the PreM, M, and part of the 5'-E
gene was used for phylogenetic studies (Figure 3). The analy-
sis showed that the sequence data from this case are similar to
the sequence data obtained from human (7) (GenBank acces-
sion no. AF202541), horse (8) GenBank accession no.
AF260967), and bird (9) (GenBank accession no. AF196835)
WNV isolates in New York in 1999.

Discussion

This case is important for several reasons. It represents the
first instance in which WNV was recovered from a person in
the United States. It is also the first time that the entire
genomic sequence of WNV has been obtained from CSF from

1370 Emerging Infectious Diseases

a human case-patient. The sequence data from the virus
directly detected in the CSF and from the WNV isolate from
cell cultures are identical. Hindiyeh et al. (10) reported the iso-
lation of WNV from the blood of viremic patients who were
not immunocompromised and who seroconverted later. In con-
trast, the patient in this case was elderly and was undergoing
treatment for lymphoma. She was unable to mount an immune
response as shown by the fact that the results of serologic tests
on both CSF and serum specimens were negative.

To our knowledge, all previous attempts to recover WNV
from human patients associated with the North American out-
break have been unsuccessful. The ability to recover an infec-
tious isolate in this report may have been contingent on the
fact that the patient was immunologically impaired. She had
lymphoma and had been undergoing treatment with CHOP
plus rituximab for 2 months at the time the WNV infection

israel 2000-human (0043)
100

Israel 2000-human (0247)

NY 1999-flamingo

NY 1999-horse
36

- [srael 1998-stork

NY 2001-human

66 {
L CONN 1 999-mosquito

L. NY 1999-human
Israel 2000-human (0233)
100

Israel 2000-human (0304)
100

e \olgograd 1999-human

100

. Romania 1996-mosquito

Egypt 1951

Figure 3. Phylogenetic relationships among West Nile virus strains.
Sequence data from the present case are shown in italics. The tree is
based on the 1,648-bp fragment encoding the preM, M, and part of the
5'-E gene. Numbers at the nodes are bootstrap confidence estimates
based on 1,000 replicates.
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developed. The relative role of immunosuppression caused by
the lymphoma itself compared with the immunosuppression
due to treatment of the lymphoma is unclear. At the time of the
WNV infection, the patient’s serum IgG levels were moder-
ately suppressed. This was most likely the result of lymphoma,
because a reduction in immunoglobulins, secondary to
impaired B-cell function from rituximab, usually occurs after
3 months of therapy (11). In a previous randomized study, eld-
erly patients receiving CHOP chemotherapy and rituximab
had increased their overall survival and had not experienced an
increase in toxic clinical effects compared with effects from
CHOP treatment alone (12). However, rituximab used as a sin-
gle agent has been reported to lead to excessive bacterial and
viral infections, including respiratory tract infections and her-
pes (13). Rituximab is also implicated as a risk factor for
unusual viral infections when used as an immunotherapy agent
in the peritransplant period of autologous stem cell transplant
in non-Hodgkin lymphoma patients (14). Another consider-
ation is the fact that the patient was neutropenic. The relation-
ship between neutrophil function and the severity of WNV
infection is unknown. The virus may be cleared by neutro-
phils, and the severity of the viral infection may have been due
to the fact that the patient was neutropenic at the time of the
acute infection. What lends credence to this hypothesis is the
observation that the highest viral titer as determined by PCR
coincided with the recovery of the WBC count. Following the
resolution of the myelosuppression, the RNA copy number of
the WNV in blood samples declined rapidly (from 1.1 x 10 to
54x10* copies/mL).

In summary, this report is the first of WN encephalopathy
in an immunocompromised patient undergoing treatment for
lymphoma. The patient’s serologic tests remained negative,
and the diagnosis was made by RT-PCR from both CSF and
peripheral blood, and by in vitro cultivation of the virus from
blood. WNV infection should therefore be considered in the
differential diagnosis of patients with lymphoma who exhibit
encephalopathy, even if serologic tests are negative for WNV.
Extra care should be taken to prevent patients with lymphoma,
especially those undergoing treatment, from being exposed to
WNV.
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West Nile virus Epidemic in
Horses, Tuscany Region, Italy

Gian Luca Autorino,* Antonio Battisti,* Vincent Deubel,t Giancarlo Ferrari,*
Riccardo Forletta,* Armando Giovannini,} Rossella Lelli, Severine Murri,t
and Maria Teresa Scicluna*

During the late summer of 1998, veterinary authorities in Tuscany, Italy, received reports of cases of neuro-
logic disease among horses residing in a large wetland area located in the provinces of Florence and Pis-
toia. West Nile virus was isolated from two of the six horses that died or were euthanized. A retrospective
epidemiologic study identified 14 clinical neurologic cases that occurred from August 20 to October 6
(attack rate of 2.8%). A serologic survey conducted over a 700-km? area in stables with and without appar-
ent clinical cases confirmed a wider spread of the infection, with an overall seroprevalence rate of 38% in
the affected area. No significant differences in age-specific prevalence were observed, suggesting that the
horses residing in the area had not been exposed previously to West Nile virus and supporting the hypoth-
esis of its introduction in the wetland area during the first half of 1998.

West Nile virus (WNV), named after the district of Uganda
where the virus was first isolated in 1937 (1), is a mos-
quito-borne Flavivirus belonging to the Japanese encephalitis
antigenic complex in the family Flaviviridae (2). WNV has
been described in Africa, Europe, Middle East, Asia, Oceania
(subtype Kunjin), and, more recently, in North America (3).

The ecologic aspects of WNV infection, involving mosqui-
toes, birds, and humans, were first described in the 1950s in
Egypt (4). The agent circulates in nature through continuous
enzootic transmission cycles between Culicinae mosquitoes
and avian vertebrate hosts and may be introduced into a new
territory by migratory birds. Humans and horses are consid-
ered incidental hosts. However, an urban cycle with virus
amplification by continuous transmission between birds and
vectors, and incidentally, humans, has been recently described
in Romania and in the United States (5-7).

The infection in humans is usually asymptomatic; how-
ever, in 20% of cases, an acute, influenza-like, self-limiting
febrile illness may occur, with symptoms of severe encephali-
tis in <1% of the cases (8). Neurologic disease in both humans
and horses was reported for the first time in the late 1950s (9)
and 1960s (10,11) respectively, in the Mediterranean area. In
the past decade, outbreaks in humans have been reported in
Algeria in 1994 (12), in Romania in 1996 and in 1997-1998
(4,13), in the Czech Republic in 1997 (14), in Tunisia in 1997
(H. Triki, pers. comm.), in Russia in 1999 (15), and in birds,
humans, and horses in Israel in 2000 (16). In the summer of
1999, the first recorded appearance of WNV in the Western
Hemisphere caused fatal disease in humans, horses, and birds
in the northeastern United States (5,6,17-19). Outbreaks in
horses were described in Morocco from August to mid-Octo-

*Istituto Zooprofilattico Sperimentale delle Regioni Lazio e Toscana,
Rome, ltaly; fInstitut Pasteur, Lyon, France; and flstituto Zooprofilat-
tico Sperimentale dell’Abruzzo e del Molise, Teramo, Italy
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ber 1996 (20) with 94 cases and 42 deaths, and in France from
August to November 2000 (21) with 58 confirmed cases and
20 deaths.

During the late summer in 1998, veterinary practitioners in
Italy recorded an increasing number of cases of neurologic dis-
ease in horses around an 18,000-km2 wetland area located in
the provinces of Florence and Pistoia, known as the Padule del
Fucecchio. The area, which covers the central and southern
part of the Valdinievole Valley, is home to a number of resident
and migratory avian species and is on the route between Afri-
can wintering areas and European breeding sites of waterfowl,
herons, and waders, some of which breed there during the
summer.

On the basis of preliminary investigation by public health
veterinarians, an outbreak of WNV disease in horses was sus-
pected. On October 19, 1998, the Regional Veterinary Author-
ity banned the movement of Equidae in and out of a 700-km?
area including 20 municipalities. Preliminary epidemiologic
and laboratory studies implicated WNV as the etiologic agent,
and the ban was lifted 1 month later on November 20, 1998.
By this point, the temperature in the area had dropped below
levels at which Culicinae mosquito multiplication can occur,
and no further cases had been reported since early October.
The objectives of our study were to assess whether an epi-
zootic was occurring among horses residing in the area and to
perform a cross-sectional serosurvey to gather information
about the extension of virus circulation around the wetland
area, once as the cause of the infection was ascertained.

Methods

Retrospective Study

At the end of September 1998, following the initial occur-
rence of neurologic cases of unknown origin in horses, we ini-
tiated a retrospective study to assess possible common
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exposures. A questionnaire was prepared and distributed to
public health veterinarians and veterinary practitioners, who
were asked to complete it if they had seen or treated horses
during the summer that matched the following case definition:
“clinical signs involving the central or peripheral nervous sys-
tem.” This definition, although broad in scope, was intention-
ally used to include all possible cases in the course of the
investigation. We collected information about location and
size of the stable in which the case had occurred; the number,
sex, age, and breed of horses present; a checklist of neurologic
signs; and the date of onset, duration, and outcome of the clin-
ical course. Additional information requested included
whether the horse had received medical treatment within the
15 days preceding the clinical onset and whether any horse had
been moved into or out of the stable within 30 days of the date
of onset of clinical signs.

During the retrospective study, blood samples were col-
lected in October from 159 horses in the stables where clinical
cases had occurred. At an interval of 30 days, a second round
of sampling was performed on 124 horses from the same sta-
bles. Repeat titers were obtained, from 123 (78%) of the 159
animals bled in October. Further blood samples (n=161) were
collected in 16 stables in proximity with those with clinical
cases. A confirmed case was defined as a horse with neuro-
logic signs suspect of WNV origin, together with at least one
of the following: isolation of WNYV, a positive polymerase
chain reaction (PCR) assay, and a positive complement fixa-
tion (CF) test. A complete necropsy was done on all horses
that died during the study, and representative samples of major
organs and of the central nervous system were fixed in 10%
neutral buffered formalin and processed routinely for histopa-
thology.

Virology, Pathology and Serology

Representative portions of the brain and the entire spinal
cord were submitted for virologic investigations. Part of the
samples were frozen and sent for additional investigations to
the Italian National Center for Exotic Diseases (Istituto
Zooprofilattico Sperimentale Abruzzo e Molise, Teramo,
Italy), the French National Reference Center for Arboviruses
and Viral Haemorrhagic Fevers of the Pasteur Institute (Paris,
France), and the International Reference Center for Borna Dis-
ease (Giessen University, Germany).

Two horses with neurologic signs were euthanized. A sam-
ple of cerebrum from one animal (no. 4083V) was analyzed in
cell culture and by reverse transcriptase (RT)-PCR and semi-
nested PCR. Samples of the cerebellum and the cervical, tho-
rax, lumbar, and sacrum regions of the spinal cord from the
second animal (no. 4553V) were also tested. The equivalent of
about 0.5 mL of each tissue was mechanically crushed (Mini-
beadbeater, Biospec Products, Inc., Bartlesville, OK) two
times for 30 sec in 2 mL tubes containing 0.5 mL of sterile
glass beads and 0.5 mL of Dulbecco’s minimum essential
medium (DMEM), supplemented with 10% fetal calf serum
(FCS) and antibiotics, and centrifuged at 4,000 rpm for 15
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min. The supernatant was diluted 1/10 and 1/100 in the
medium and 0.2 mL of the three undiluted and diluted suspen-
sions were incubated 1 hr at 37°C or 28°C in 24-well plates
containing Vero E6 cells or Aedes albopictus C6/36 cells.
After viral adsorption, cells were washed twice in DMEM and
incubated 5 days in DMEM containing 3% FCS. On day 5, cell
supernatants were used to infect cell monolayers in 25-cm?
flasks and incubated for 5 additional days. Cells in each well
and in the flasks were washed in phosphate-buffered saline
(PBS), scraped with a rubber policeman, and deposited on
immunofluorescent slides. The cells were fixed by air-drying,
the membranes permeabilized in acetone, and dried. The cells
were incubated for 30 min at 37°C with an appropriate dilution
of hyperimmune mouse ascitic fluids prepared against several
arboviruses causing encephalitis in horses. After washing in
PBS, the bound antibodies were overlaid with an anti-mouse
conjugate labeled with fluorescein. Slides were observed
under fluorescent microscope.

RT-PCR and semi-nested PCR were performed on central
nervous system samples, using a technique described previ-
ously (22). Briefly, total RNA was extracted from a volume of
supernatant of ground central nervous system samples. Precipi-
tated RNA was resuspended in diethyl pyrocarbonate—treated
distilled water and subjected to RT and PCR, using the oligonu-
cleotide primers (23) WN240 (5" GAGGTTCTTCAAACTC-
CAT 3") and WN312 (5" GAAAACATCAAGTATGAGG 3").

One tenth of the incubation mixture was then re-amplified
in a semi-nested PCR, using primers WN312 and WNEsn, (5°
CTCCA(T,G)GG(GC)AGGTT(G,C)AG(GA)TCCAT 3°). The
presence of amplicons of 328 bp and 270 bp, respectively,
were examined after 1.5% agarose gel electrophoresis and
ethidium bromide staining. The sequences of the amplified
products were characterized by sequencing genome position
1402-1656 of the envelope glycoprotein as described (23) by
using the alignment algorithm Clustal W.

Serum samples from 12 of the 14 diseased horses were
available; the remaining 2 horses had died without having
blood samples taken. Additional samples were also available
from the same premises where clinical cases had occurred and
from nearby stables collected as part of the serologic survey
described in the following section. Serum samples were first
tested against the major neurotropic viruses infecting horses,
including Eastern equine encephalomyelitis, Western equine
encephalomyelitis, and Venezuelan equine encephalomyelitis.
The presence of antibodies against WNV was evaluated using
the CF test and by an immunoglobulin (Ig)G enzyme-linked
immunosorbent assay (ELISA) technique.

Reagents for the CF test were supplied by the Onderste-
poort Veterinary Institute, South Africa, and the Centers for
Disease Control and Prevention, Division of Vector-Borne
Infectious Diseases, Fort Collins, Colorado. The CF test
assays were performed by the Italian National Center for
Exotic Diseases according to the Office International des Epi-
zooties procedures (24). The CF test was considered positive
when the sample reacted at a titer of >1:4.
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Crude antigens for ELISA were prepared from Vero E6
cells infected with the reference Egyptian Egl101 as described
(25). Microtiter plates (Polysorb, Dynatech, Chantilly, VA)
were alternately coated with 100 uL of WNV cell lysate anti-
gen and with antigen derived from uninfected Vero cells.
Plates were kept overnight at 4°C. Fourfold dilutions of horse
sera, starting with 1:100, were placed in the wells. Bound IgG
antibody was detected with goat anti-horse IgG conjugated to
horseradish peroxidase. H,O,-tetramethylbenzidine was
added and the optical density was measured at 420 nm. Serum
samples were considered positive for corrected A4, values
greater than the corrected mean Ay, plus 3 standard devia-
tions of four negative control sera tested at the same dilution.

Serologic Survey

After the initial notification of neurologic cases in horses,
an area consisting of several administrative jurisdictions from
which cases had been reported was delineated, and movement
of horses in and out of the area was banned. The cause of the
illness was not available at that time, and initial clinical and
serologic investigations focused on stables located within a 3-
km radius of those that had reported clinical cases.

By November 1998, when WNV was identified as the etio-
logic agent, we initiated a serosurvey to further define the geo-
graphic extent of the infection. The most peripheral stables
within the restricted zone were used as reference points to con-
struct a polygonal area whose external angles were all <180°
(zone A). As shown in Figure 1, a second polygon was then
drawn around the first, with all points 3 km distant from the
internal polygon. Thus, a 3-km wide corridor between the first
and second polygons was identified (zone B), all stables in this
area were investigated, and blood samples from all horses
were obtained. After identification of at least one seropositive
horse in a stable located within the corridor, the polygon was
redrawn with the new positive stable becoming a vertex of a
new polygon and the corridor extended an additional 3 km
(zone C). A total of 282 horse serologic data (IgG ELISA)
were collected. Data were analyzed with the BMDP program
version 1.0 (BMDP Statistical Software, Inc., Los Angeles,
CA)

Results

Pathology

No gross changes were observed in the central nervous
system and other organs of the six dead horses. Histologically,
a mild-to-moderate nonsuppurative polioencephalomyelitis
was present, with consistent involvement of the ventral horns
of the thoracic and lumbar spinal cord and of the lower brain
stem. Perivascular cuffs of lymphoplasmacytic and histiocytic
cells with small and scattered glial nodules and focal gliosis
were observed in the gray matter. In some cases, ring and pete-
chial hemorrhages and neuronal degeneration were observed
in the lumbar spinal cord (26). These features were highly sug-
gestive of an infection of viral origin.
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Legend:

L Peripheral stables within the restricted zone

@  Stables within the corridor with seroposttive horses
Borders of the Zone B (corridor area)
= === Borders of the Zone C (redrawn corridor area)

Figure 1. Map of the study area, showing the inner polygon within the
restricted zone (zone A), the corridor area (zone B), and the redrawn
corridor area (zone C), in the provinces of Firenze, Lucca, and Pistoia,
Tuscany Region, Italy.

Virology

WNYV was recovered in the cerebellum (Vero E6 and C6/
36) (virus isolate PaAn981) and lumbar part (Vero E6) of the
spinal cord of horse no. 4553V. RT-PCR was positive with
samples from the cerebellum and the thorax and lumbar
regions of the spinal cord. WNV was not isolated from the
cerebrum of horse no. 4083V; however, RT-PCR results were
positive. Both virus isolation and RT-PCR results were nega-
tive from the cerebrum of horse no. 4553V. In all cases, RT-
PCR gave a negative result. Laboratory investigations on other
viruses affecting horses yielded a negative result.

The sequence of the amplified fragment of 255 bp from the
PaAn981 Italian virus RNA (GenBank accession no.
AF205883) showed >99% similarity in nucleotide sequence
with recent WNYV strains responsible for epidemics in Roma-
nia in 1996 (GenBank accession no. AF260969), Morocco in
1996 (accession no. AF205884), Kenya in 1998 (accession no.
AF146082), Volgograd in 1999 (accession no. AF23998S,
Israel in 2000 (accession no. AF380669), and France in 2000
(accession no. AF418554) and 98.6% similarity with strains
from Israel in 1998 (accession no. AF205882) and New York
in 1999 (accession no. AF196835). No change was observed
in the amino acid sequence of this short region of the envelope
protein.

¢ Vol. 8, No. 12, December 2002



Retrospective Study

The questionnaires sent to local veterinarians were
returned by the end of October 1998. A total of 14 horses that
matched the case definition were identified. They were distrib-
uted in nine different stables located in the provinces of Flo-
rence, Lucca, Pisa, Pistoia (Figure 1). The first case occurred
on August 20 and the last on October 6. Of the 14 horses, &8
recovered, and 2 died 1 and 3 days, respectively, after onset of
signs. The remaining four were euthanized because of the
severity of the clinical course. The most frequently observed
signs were posterior weakness, ataxia, and loss of equilibrium.
In the eight animals that recovered, signs persisted for 5-15
days. In three cases, additional clinical signs were observed
(mild keratitis, dermal papules, and third eyelid protrusion).
Fever was observed in one case, at onset of disease.

Overall, the attack rate in the nine affected stables was
2.8% (14/498, Table 1). The case-fatality rate among horses
with neurologic signs was 43% (6/14) including the four
horses that were euthanized. No difference in age was detected
between fatal cases (horses that died or were euthanized) and
those that recovered (Mann-Whitney U Test).

The temporal distribution of equine cases by week of ill-
ness onset is shown in Figure 2.

On the 12 diseased horses for which blood was available
for testing, CF test results were positive for all, with titers
ranging from 1:4 to 1:128. In the nine stables from which clin-
ical cases had been notified, 159 of the 498 horses present
were bled in October and serologically tested, with 123 of 159
tested a second time 1 month later.

The overall results of the CF test are shown in Table 1.
Table 2 shows the results of the first and second round of sam-
pling in the 123 horses that were tested twice. The seropreva-
lence rate was significantly different between the two
samplings (McNemar chi-square test; p<0.01). The 29 horses
that were positive at first and second sampling had a geometric

Table 1. Complement fixation test findings in stables with clinical
cases (zone A)?

Seroprevalence

Stable Horses present Clinical cases  1st samplingb 2nd sampling®
1 25 2 11/21 (52.4%) not available
2 5 1 3/5 (60%) 1/3 (33.3%)
3 12 2 6/10 (60%) 6/10 (60%)
4 49 2 9/13 (69.2%) 5/11 (45.4%)
5 7 1 2/7 (28.6%) 1/5 (20%)
6 270 1 5/49 (10.2%) 3/41 (7.3%)
7 52 1 9/20 (45%) 2/20 (10%)
8 18 1 6/8 (75%) 5/9 (55.5%)

60 3 12/26 (46.1%) 8/25 (32%)
Total 498 14 63/159 (39.6%)  31/124 (25%)

2 Repeat titers (October-November 1998) were obtained from 123 horses.
bPerformed October 12-16, 1998.
®Performed November 9—13, 1998.
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Figure 2. Number of neurologic cases in horses by week of onset, Valdi-
nievole District, Tuscany, Italy, August—October 1998.

mean titer of 1:29 in the first sampling and 1:6 in the second
sampling; this difference was statistically significant (Student t
test for paired sera on log transformed data, p<0.01). Among
the remaining 18 horses that initially tested positive but were
negative at second testing, the geometric mean titer of the first
sample was 1:15.

Serum samples were collected from an additional 161
horses in November 1998 (>3 weeks after the last reported
clinical case) from 16 stables located within a 3-km radius
from the ones with clinical cases in zone A. Samples were
tested first with CF test and later with an IgG ELISA, not
available at the beginning of the epidemic. Of the 161 horses,
63/155 (41%) had positive ELISA tests (6 horses were
excluded because of inconclusive results) and 30/161 (19%)
were CF test—positive with titers ranging from 1:4 to 1:8. The
positive horses belonged to nine different premises. The over-
all seroprevalence rate in these nine stables was 49% (63/129)
when the IgG ELISA test was used and 22% (30/134) with the
CF test (Table 3).

To investigate whether rates of seropositivity differed
between premises with and without clinical cases, the propor-
tion of horses that were CF test—positive from the stables with
clinical cases was compared with the proportion obtained for
horses from the stables with silent infections. Because CF test
results are likely to be dependent on the time of infection, the
comparison consisted of the November samples from stables
with silent infections and the second set of samples taken from
horses from stables with clinical cases, also obtained in Novem-
ber (all stables from zone A). No significant difference was
observed in rates of infection for the two groups (chi-square test
p>0.05).

In February—April 1999, serum samples were obtained
from all the 123 horses never tested before and housed in 35
stables located in zones B and C. Seroprevalence using the
IgG ELISA test was 43/120 (36%), with three inconclusive
tests. CF test prevalence was 19/123 (15%), with titers ranging
from 1:4 to 1:8. Fourteen stables were found positive in zone
B and none in zone C (Figure 1).

Among the 123 horses tested in zones B and C, informa-
tion on presence in the area during the outbreak period was

1375



RESEARCH

Table 2. Comparison between first sampling (acute, October 1998) and
second sampling (convalescent, November 1998) complement fixation
test results in horses from the stables with clinical cases (zone A)

Ist sampling

Positive Negative Total
2nd sampling Positive 29 1 30
2nd sampling Negative 18 75 93
Total 47 76 123

available for 110, including 107 that had been present and 3
that had not. Of the 107, 40 tested positive (37%); among the 3
not present, 1 was positive. Among the 13 horses whose loca-
tion during the epidemic could not be established, 2 were
seropositive.

The results of serum samples collected in zones B and C at
the beginning of 1999 before the growth of the vector popula-
tion were compared to the results of sera from the stables with-
out clinical cases (zone A) collected during the autumn 1998.
No differences were found between the percentages of animals
seropositive by ELISA (36% vs. 41%) and CF test (15% vs.
19%). For this reason, to obtain a larger sample, all data were
pooled to assess the age-specific prevalence in the horse popu-
lation under study.

Table 3. Enzyme-linked immunosorbent assay (ELISA) and comple-
ment fixation (CF) test results in horses from stables with silent infec-
tion (zone A)

ELISA
Positive Negative Total
CF test Positive 26 4 30
CF test Negative 37 88 125
Total 63 92 155

A total of 282 horses were included in the analysis (Table
4) and classified according to age group and serologic status
with respect to IgG ELISA (106 were positive; 9 were at the
A420 cut-off value and inconclusive). No significant differ-
ences (chi-square >0.05) in the seroprevalence rate among the
different age-classes were observed (Figure 3). The results of
this survey confirmed a wider spread of infection, with an over-
all seroprevalence rate of 38% (106/282) in the affected area.

Discussion

An epidemic of WNV encephalitis occurred during the late
summer of 1998, among horses residing in a wetland area in
the Valdinievole Valley, in the provinces of Florence and Pis-
toia, Tuscany. All the cases identified by the retrospective
study were confirmed by serologic, or virologic assays, or
both.

The outbreak involved race horses and racehorse breeding
stock of high economic value, and the spatial and temporal
nature of this cluster aided the investigation, as did the fact
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that local practitioners brought the problem to the attention of
veterinary public health authorities early in the the outbreak.
The serologic survey demonstrated that WNV infection also
occurred in premises without clinical cases and that WNV was
spread over an area wider than initially detected during the
epidemic.

Although the number of confirmed cases reported is small,
the case-fatality rate of this 1998 Italian outbreak (6/14, 43%)
is similar to the rate observed in 2000 in France (20/58, 34%),
and in 1999 (23/60, 38%) and 2000 (9/25, 36%) in the United
States (21,19). No differences in age were detected between
fatal cases (horses that died or were euthanized) and those that
recovered. Three of six fatal cases were observed in horses <6
years old, with one case 6 months old, one case 2 years old,
and one case 5 years old. In the recent equine outbreak in
France (21), >70% of the fatal cases occurred in horses in the
6- to 10-year (41.2%) and the 16- to 20-year (29.6%) age cate-
gories, with only one confirmed fatal case in the 1- to 5-year
age category (5.9% of the fatal cases).

In our study, WNV was isolated from different parts of the
central nervous system, and similar results were obtained in a
horse with encephalitis euthanized during the epidemic in
France in 1965 (27). In that case, WNV was isolated in cell
cultures injected with material obtained from the lumbar
region of the spinal cord but not with material from the cervi-
cal region of the spinal cord, the cerebrum, or the cerebellum.
Although based on a very limited number of observations, we
observed that the lower compartments of the brain and the spi-
nal cord may be more infected than the cerebrum when the
neurologic signs are predominant and the animal is dying.
Moreover, the presence of neuronal necrosis in the brain in the
absence of virus and the detection of both inflammatory
lesions and virus in the lower brain stem late in the infection
process suggest that the agent may have migrated from central
brain areas downwards through the spinal cord (26). The low
virus load in the central nervous system is in accordance with
the small number of necrotic areas within the brain and the spi-
nal cord tissues (3,26).

Two different serologic tests, which detect different classes
of antibodies, can be used to distinguish between recent and
past infections. CF test is used primarily to monitor IgM,

Table 4. Horses, classified by age class and serologic status (immu-
noglobulin G enzyme-linked immunosorbent assay), included in the
analysis to assess age-specific prevalence®

Age class (yrs) Horses tested Inconclusive Positive
0-2 45 3 17
2-4 63 1 21
46 49 1 18
6-8 30 1 10
>8 95 3 40
Total 282 9 106

4282 horses included because the age of 2 animals was unknown.
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Figure 3. West Nile virus age-specific prevalence (n=282) in horses,
Tuscany Region, 1998-1999.

although this test may not detect exclusively this class of anti-
bodies, and the ELISA test is specific for IgG. The decline in
the mean CF test antibody titer over a 1-month period (Octo-
ber—November 1998) in stables with clinical cases seems to be
attributable to the natural decrease of CF antibody levels. The
rapid decline in CF test titers may also explain the lower pro-
portion of CF test—positive horses in the second and third
groups that were tested in November and in early 1999. In the
zone A stables, which had silent infections and that were
investigated in November 1998, the CF test prevalence rates
were similar to the rates detected in the November samples
taken from the neighboring stables with clinical cases. As sim-
ilar IgG ELISA prevalence rates were obtained both in these
stables with silent infections located in zone A and in stables
in zone B (sampled in early 1999), we assume that, apart from
the observation of neurologic signs, all horses residing in the
study area had the same level of exposure to the virus.

Retrospectively, serologic results suggest that the epidemic
ended during the autumn of 1998, probably because further
major circulation of virus was greatly reduced by the effect of
the low temperature on the population density of mosquitoes.
However, at present no information is available regarding the
vector species involved in this outbreak.

The seasonal distribution we observed is in keeping with
other studies. All previous equine and human outbreaks of
WNV infection in Europe and the Mediterranean area typi-
cally have occurred between August and October (9,21), the
period when the population density of culicine mosquitoes is
highest. Similar observations were made in the United States
in the equine outbreaks in 2000 (19), with cases identified in
seven northeastern states situated at latitudes similar to that of
central and northern Italy.

The differences among age-specific prevalence rates in the
whole area under investigation were not significant, indicating
that the horse population in the area under study had not been
exposed in the previous years to WNV. The most probable
hypothesis is that the virus was introduced in the Padule del
Fucecchio wetlands by migratory birds during the spring 1998.
Migratory birds such as storks may play an essential role in the
introduction of WNV when they land in wetlands with high
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levels of ornithophilic mosquitoes (28). The circulation of a
unique genotype in Italy in 1998, Morocco in 1999, and
France in 2000 suggests that migratory birds crossing the
Mediterranean Sea could be the common cause of virus emer-
gence. The 1998 WNYV outbreak in Italy was not preceded by
notification of any significant deaths among wild avian spe-
cies. Indeed, natural illness and death of wild birds resulting
from WNV had never been reported before the 1998 episode
in storks in Israel (28) and the 1999 epidemic in birds reported
in the northeastern United States. Old World wild avian spe-
cies may have developed co-evolutionary adaptation to vari-
ous WNV genotypes; the recent North American epidemic
could have occurred because the lack of avian adaptation or
the greater virulence, especially for Corvidae (29), of the
strain involved. The recent European WNV outbreaks were
apparently not associated with bird deaths (5,21,15). The com-
parison of the amino acid sequence of the entire envelope pro-
tein among European WNV isolates and strains from Israel
1998 and New York 1999, known to be significantly patho-
genic for some species of birds (30), showed two amino acid
changes that are attenuating mutations for other flaviviruses of
the Japanese encephalitis group (31). Whether viral genetic
factors or ecologic factors are responsible for apparent differ-
ences in virulence for birds, horses, and humans remains
unknown and merits further multidisciplinary investigation.

In 1999 and 2000, no cases of neurologic disease were
recorded in horses in Tuscany, and no significant wild bird
deaths or rise in human neurologic cases were detected. Unfor-
tunately, conducting further studies to determine if any viral
activity was still present in the area was not possible. The risk
that WNV could remain endemic in the area because of transo-
varial transmission or overwinter survival of mosquitoes can-
not be ruled out. However, at least in temperate regions of
Eurasia, the usual pattern of WNV epidemics may be the result
of virus importation by birds during their migration north to
their breeding grounds (32). Still, outbreaks of WNV infection
are a relatively rare event in countries where populations of
wild birds regularly migrate every year from endemic areas.
The reason may be that the emergence of a mosquito-borne
infection always involves a series of particular ecologic condi-
tions, including seasonal environmental factors, presence of
infectious migrating hosts, ornithophilic vectors, amplifying
avian hosts, and susceptible accidental hosts in the same geo-
graphic area.
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Induction of Inflammation
by West Nile virus Capsid
through the Caspase-9
Apoptotic Pathway

Joo-Sung Yang,*1 Mathura P. Ramanathan,*1 Karuppiah Muthumani,* Andrew Y. Choo,*
Sung-Ha Jin,* Qian-Chun Yu,* Daniel S. Hwang,* Daniel K. Choo,* Mark D. Lee,*
Kesen Dang,* WaixingTang,* J. Joseph. Kim,t and David B. Weiner*

West Nile virus (WNV) is a member of the Flaviviridae family of vector-borne pathogens. Clinical signs of
WNYV infection include neurologic symptoms, limb weakness, and encephalitis, which can result in paraly-
sis or death. We report that the WNV capsid (Cp) by itself induces rapid nuclear condensation and cell
death in tissue culture. Apoptosis is induced through the mitochondrial pathway resulting in caspase-9
activation and downstream caspase-3 activation. Capsid gene delivery into the striatum of mouse brain or
interskeletal muscle resulted in cell death and inflammation, likely through capsid-induced apoptosis in
vivo. These studies demonstrate that the capsid protein of WNV may be responsible for aspects of viral
pathogenesis through induction of the apoptotic cascade.

West Nile virus (WNV) is a member of the Flaviviridae
family, which includes St. Louis encephalitis virus, Kun-
jin virus, yellow fever virus, Dengue virus, and Japanese
encephalitis virus (1). WNV, a single-stranded RNA virus, was
initially isolated in the West Nile region of Uganda in 1937 (1)
and has become prevalent in Africa, Asia, and Europe. Since
its introduction into the United States in summer 1999, the
sudden and rapid spread of this virus in the United States has
caused much concern. WNV has been reported in infected
mothers’ breast milk, and WNV transmission by organ trans-
plantation and transfusion has been documented. Clearly,
WNV infection is not only a regional public health problem,
but a global health issue (2). However, we lack a clear under-
standing of WNYV pathogenesis, and little specific treatment
exists for WNV infection. Therefore, a clearer understanding
of WNV is necessary in order to identify new strategies to treat
or prevent this viral infection (3).

Here we report on an unexpected role for WNV capsid
(Cp) in viral-induced pathogenesis. We observed that the
WNV-Cp protein is a pathogenic protein, which drives apopto-
sis in vitro through the mitochodrial/caspase-9 pathway. We
also observed that expression of Cp protein in mouse muscle
resulted in apoptosis and inflammation of muscle cells. More
importantly, direct in vivo expression of WNV-Cp protein in
mouse brain resulted in an induction of apoptosis similar to
what is observed in natural infection. These results provide
evidence of a link between WNV-Cp protein and WNV patho-
genesis in vivo.

*University of Pennsylvania, School of Medicine, Philadelphia, Pennsyl-
vania, USA; and tViral Genomix Inc., Philadelphia, Pennsylvania, USA
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Materials and Methods

Cloning and Expression Analysis of WNV-Cp Gene

The cloning of a synthetic WNV-Cp gene based on the
reported NY-99 infectious strain was described earlier (4).
Western blot analysis was performed as previously described
(4). For a caspase-9—specific test, 5 pg of pcWNV-Cp-DJY or
pcWNV-CpWT was cotransfected with a dominant negative
caspase-9 (DN caspase-9) construct, and cleavage of pro-
caspase-9 protein was determined by Western blot analysis
with antihuman caspase-9 antibody (MBL, Nagoya, Japan).
DN caspase-9 (provided courtesy of Emad S. Alnmeri, Tho-
mas Jefferson University, Philadelphia, PA) has been reported
to inhibit the caspase cascade (5). The localization pattern of
capsid expression was analyzed by immunofluorescent assay
in HeLa, 293-T, RD, or SH-SYS5Y cells by using anti-His tag
antibody as described (6).

Observations with Electron Microscope

RD cells transfected with pcWNV-Cp-DJY or pcDNA3.1
plasmid DNA were processed for transmission electron micro-
scope analysis as described (7,8). Semithin (1.0-pm) sections
were stained with toluidine blue, and photographed with
Ektachrome 160T film (Eastman Kodak Co., Rochester, NY).
Ultrathin sections were stained with uranyl acetate and lead
citrate, and observed with a Philips CM-100 electron micro-
scope, operated at 60 Kv.

TUNEL Assay and Annexin V Staining
In vitro apoptosis in individual cells was determined by
terminal desoxyriboxyl-desoxyriboxyl transferase—mediated

These authors contributed equally.
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DVTP nick-end labeling (TUNEL) assay with the In Situ Cell
Death Assay Kit (Roche Diagnostic Corp., Indianapolis, IN)
and visualized by fluorescent microscopy. Apoptosis induction
by the expression of capsid was also determined by annexin V
staining procedure followed by fluorescence-activated cell
sorter analysis. Cells were transfected with the WNV-Cp—
enhanced green fluorescent protein (EGFP) fusion construct or
pcDNA3.1. Forty-eight hours after transfection, the cells were
stained with phycoerythrin-conjugated annexin V. Only
EGFP-expressing cells were analyzed and the data were
acquired by using the CellQuest software package (Becton-
Dickinson, and Co., Franklin Lakes, NJ).

Mouse Muscle Injection

Female 6- to 8-week-old Balb/c mice (Charles River Lab-
oratories, Inc., Wilmington, MA) were injected in the tibialis
muscle with 100 pg of pcWNV-Cp-DJY or pcDNA3.1 in
phosphate-buftered saline (PBS) and 0.25% bupivicaine-HCI
(Sigma-Aldrich Corp., St. Louis, MO) as described (9). After
48 h, the tibialis muscle was harvested and embedded in
OCT Compound (Sakura Finetek U.S.A., Inc., Torrance,
CA). Muscle sections were prepared by cryosectioning and
stored at —20°C until assayed. For pathologic observation,
tissue sections were stained with hematoxylin/eosin (9).

DNA Injection into Mouse Brain

Balb/c mice were anaesthetized with ketamine/xylazine
(70 mg/kg of ketamine, 7 mg/kg of xylazine). Using a Hamil-
ton syringe (Hamilton Co., Reno, NV) with a 30-gauge remov-
able needle, 5 pg of pcWNV-Cp—DIJY or pcDNA3.1 DNA, in
5 UL of endotoxin-free water and 0.25% of bupivicaine-HCl in
PBS was injected into the frontal cortex (striatum) with a small
animal stereotactic apparatus (Kopf Instruments, Tujunga,
CA) as described (10). The DNA was injected for 3 min; the
needle was left in the place for 1 min and then withdrawn
slowly over 1 min.

Mouse Brain Tissue Immunohistochemistry
by Using Horseradish Peroxidase (HRP)

Twenty four to 48 h postinjection, mice were deeply anes-
thetized and perfused transcardially with 0.1 M PBS (pH 7.2),
then with 4% paraformaldehyde (PFA) in PBS. The brains
were postfixed in 4% PFA for 18 h at 4°C and cryoprotected
in 30% sucrose for 48 h at 4°C, then frozen and mounted for
cryostat sectioning. Sections (25 pm) were serially cut in the
coronal plane. The tissue sections were treated with anti-
Histag antibody with appropriate secondary antibody with the
counterstaining of hematoxylin. The slides were analyzed
under a fluorescent microscope for TUNEL or gene expres-
sion.

Detection of Mictochondria-Based Apoptotic Pathways
Caspase-3 (Pharmingen, San Diego, CA), caspase-8

(FADD-like interleukin-1 beta-converting enzyme) and

caspase-9-like Mch6 (MBL, Nagoya, Japan) activities were
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determined according to the manufacturer’s protocol. RD cells
transfected with pcWNV-Cp-DJY or pcDNA3.1 were har-
vested and lysed at 48 h postinjection. The cell lysates (100 pg/
100 pl protein) were incubated with specific substrate Ac-
DEVD-AMC for caspase-3, IETD-pNA for caspase-8, or
LEHD-pNA for caspase-9 for 1-2 h at 37°C. For the inhibition
test, [IETD-FMK or LEHD-FMK, inhibitors for caspase-8 or -9,
respectively (MBL) were added to the reaction, along with the
substrate, according to the protocol. The activity of released
AMC or pNA was determined by spectrophotometer at 405
nm. The mitochondria transmembrane potential was measured
by using a DePsipher assay kit (R&D Systems, Minneapolis,
MN). The cells were observed under a fluorescent microscope,
and the images were acquired and analyzed in an Image-Pro
program (Media Cybernetics, Inc., Houston, TX).

Results and Discussion

WNV is a vector-borne pathogen that induces encephalitis
and death in WNV-endemic regions (11). Unfortunately, no
specific therapy exists for WNV infection (3). Furthermore,
the exact mechanisms of WNV-induced pathogenesis have not
been elucidated. To attain a better understanding of possible
mechanisms of WNV biology, we studied the role of the
capsid gene in WNV pathogenesis.

WNV-Cp Protein Induces Apoptosis in Cells In Vitro

The expression of the Cp gene was examined by in vitro
transcription/translation system as well as Western blot analy-
sis (Figure la-h). The cells expressing WNV-Cp, as well as
the positive control plasmid encoding the proapoptotic pro-
tein, Bax, show nuclear condensation, which is a typical fea-
ture of apoptotic cells. We carried out TUNEL assays for
apoptosis with a double-staining procedure. The WNV-Cp—
transfected HeLa cells were simultaneously stained for
TUNEL assay, which reveals nuclear condensation, and for
capsid expression with rhodamine-conjugated secondary anti-
body. The double-positive cells (Figure 2i) (Figure 2j) indi-
cate the induction of apoptosis specifically driven by the
expression of capsid.

Cells transfected with pcWNV-Cp-DJY were further
investigated by transmission electron microscopy. Examina-
tion of semithin sections (1.0 pm) stained with toluidine blue
revealed typical apoptotic cells representing approximately
5% of the total cell population in pcWNV-Cp-DJY—transfected
cells (Figure 2d, arrow) but not in control cells (Figure 2e).
These apoptotic cells usually lost their polygonal shape as well
as their contact with neighboring cells, and became round and
stained exceptionally dark. Many of the apoptotic cells also
exhibited clear vacuoles in the condensed cytoplasm. Frag-
mented, but equally condensed, apoptotic bodies were also
present. Ultrastructurally, all of the apoptotic cells showed
continuous plasma membranes, apparent aggregation of
nuclear chromatin, highly condensed cytoplasm, and nearly
intact organelles (Figure 2f). Cells transfected with pcWNV-
Cp-DJY show typical features of apoptosis.
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The induction of apoptosis by capsid expression was also
confirmed in different human cell lines such as Hela, 293, RD,
or SH-SY5Y. All three cell lines, HelLa, 293, and RD, trans-
fected with pcWNV-Cp-DJY were TUNEL-positive (Figure
2g, 2i, and k, respectively), whereas the control transfected
cells were not (Figure 2m). Proapoptotic Bax expression plas-
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Figure 1. Construction and subcellular expression of West Nile virus
(WNV)-NY1999 capsid (Cp) gene—expressing plasmid, pcWNV-Cp-
DJY: a, Genomic organization of WNV-NY1999 (10,945 bp) is outlined
based on the published (GenBank accession no. AF202541). b, Cloning
strategy for WNVCp gene—expressing glasmid, pcWNV-Cp-DJY. ¢, In
vitro translated and immunoprecipitated 5S-labeled WNV-Cp visualized
by SDS-PAGE. WNV-Cp-specific protein synthesis was compared to
control generated by the vector backbone pcDNA3.1 (-). d, Protein
expression by Western blot analysis, of WNV-Cp expression in HelLa
cells. Subcellular location of WNV-Cp protein, in HelLa cells transfected
with pcWNV-CpWT (e,f) or pcWNV-Cp-DJY (g,h) plasmids. 16 h post-
transfection, the cells were visualized by indirect immunofluorescence.
Typical nuclear staining was observed with the cells expressing WNV-
CpWT (e) compared to the cells expressing WNV-Cp-DJY (g). TUNEL
assay on the WNV-Cp—transfected cells, indicating nuclear condensa-
tion (i) due to expression of capsid (j).
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mid was used as a positive control. Experiments with annexin
V staining revealed that 22.9% of WNVCp-transfected cells
undergo phosphatidylserine dislocalization, a typical early fea-
ture of apoptosis (Figure 20).

Apoptosis by WNV-Cp In Vivo

We have shown, as have other researchers, that induction
of apoptosis by plasmid in vivo results in enhanced levels of
proinflammatory T-cell activation (4,9,12—14). We extended
these in vitro findings of the ability of WNV-Cp to induce apo-
ptosis to an animal model in vivo by using a direct plasmid
delivery method as described (9,14). At 24 h after plasmid
injection, TUNEL revealed positive signals (noted by dark
brown because of the HRP-DAB reaction) in pcWNV-Cp-DJY
injected mouse muscle (Figure 3a, arrows) but not in control
muscle (Figure 3b). We observed severe inflammation within
48 h in mouse muscle injected with pcWNV-Cp-DJY (Figure
3c) but not in the pcDNA3.1-injected mouse muscle (Figure
3d). These studies indicate that expression of Cp protein in
mouse muscle resulted in apoptosis and inflammation of mus-
cle cells in vivo. In this regard, induction of apoptosis and the
resulting inflammatory cell infiltration induced by WNV-Cp
expression may have an important role in viral pathogenesis.

WNYV has been found in the brains (15) and cerebrospinal
fluids (16) of infected patients, where it induces cell death,
resulting in encephalitis (17-19). As no component of WNV
had been previously implicated in in vivo cell death of neuronal
tissue, we reasoned that the WNV-Cp was a possible candidate,
and we sought to investigate the effects of WNV-Cp in the
brain in vivo. We directly injected DNA into the brain because
that approach would not be complicated by vector delivery.

Mice were injected stereotactically with WNV-Cp or con-
trol plasmid DNA and euthanized 2448 h after injection. Sec-
tions were processed from the harvested brain samples as
described in Materials and Methods. By using a monoclonal
antibody specific to the His epitope contained in the plasmid
vector, immunohistochemical analysis revealed that His-posi-
tive cells, as identified by HRP or fluorescein isothiocynate
(FITC) were found in pcWNV-Cp-DJY—-injected mouse brain
(Figure 3f, h, respectively). Similar expression was absent in
the brains of mice injected with control plasmid (Figure 3e, j,
respectively). However, His-positive cells were detected in
several areas of the cerebral cortex, including the motor cortex
of the pcWNV-Cp-DJY injected mice (Figure 3f by HRP, and
3h by FITC [arrows]). Nuclear condensation, a classic feature
of apoptosis, was also observed in these sections by DAPI
staining (Figure 3i and 3m; arrows). As shown in Figure 3g by
HRP and 31 by FITC, we observed TUNEL-positive cells in
the brain sections from the pcWNV-Cp-DJY—injected mice
(Figure 3g and 31) and not in the pcDNA3.1-injected control
mice (Figure 3n). These TUNEL-positive cells were localized
to the specific sites of injection (Figure 31, arrow). These
results illustrate that His-expressing cells were also TUNEL-
positive, showing the direct relationship of WNV-Cp expres-
sion and in vivo apoptosis. WNV-Cp protein expression and
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Figure 2. West Nile virus capsid (WNV-cp)-DJY protein expression
induces apoptosis. Nuclear condensation was observed in Hela cells
transfected with pcWNV-Cp-DJY (a), a positive control pBax (b), or a
negative control, pcDNA3.1 (c), under a 4,6-diamidino-2-phenylidole
(DAPI) filter (magnification: 200X). Light microscopic observation on
pcWNV-Cp-DJY (d) or pcDNA3.1 (e) plasmid transfected RD cells were
examined in semithin sections stained with toluidine blue (magnifica-
tion for d and e: 400X). Ultramicroscopic image of apoptotic cells were
photographed from pcWNV-Cp-DJY transfected RD cells (f). DNA frag-
mentation in WNV capsid—expressing cell lines was examined by termi-
nal desoxyriboxyl-desoxyriboxyl trasferase—mediated DVTP nick-end
labeling (TUNEL) assay in HelLa (g), HEK 293 (i), and RD cells (k), and
compared with DNA fragmentation from pcDNAS3.1-transfected HelLa
cells (m). Nuclear staining in HeLa (h), HEK 293 (j), and RD cells (I)
were observed by using a DAPI filter and compared with control HeLa
cells (n) (magnification for g through n: 400X). Cell membrane morphol-
ogy changes were examined by annexin V staining/flow cytometry by
using Hela cells transfected with pcWNV-Cp-DJY or control pcDNA3.1
plasmids (o). The human neuroblastoma cell line SH-SY5Y was trans-
fected with Bax as a positive control (p), pcWNV-Cp (r), or control plas-
mid (t) and examined by TUNEL assay. To visualize nuclear staining,
cells transfected with pBax, pcWNV-Cp-DJY (q and s, respectively) or
pcDNA3.1 (u) were stained with DAPI and observed using appropriate
filters (magnification: 400X).
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apoptosis as well as inflammation were highly reproducible in
all animals studied by injection with pcWNV-Cp-DJY plas-
mid. These data strongly suggest that the expression of the
WNV-Cp protein in the central nervous system can play a role
in neuronal cell death, and this process may be important in
the pathogenesis of WNV-induced encephalitis.

Mitochondrial-Activated apoptotic Pathway

To characterize the apoptosis pathway activated by the
WNV-Cp protein, we next examined its direct effects on the
disruption of the mitochondrial transmembrane potential in
these cells. HeLa-CD4 cells were transfected with pcWNV-
Cp-DJY or pcDNA3.1 plasmids, and the mitochondrial mem-
brane potential was measured with a DePsipher assay kit
(R&D Systems). The pcDNA3.1-transfected cells showed a
normal pattern of orange-red fluorescence (Figure 4b). In con-
trast, green fluorescence was clearly visible in the pcWNV-
Cp-DJY—transfected cells (Figure 4a, arrows).

We examined the effects of WNV-Cp on caspase-3, -8, or -9
activity. Cell lysates from pcWNV-Cp-DJY—transfected cells
showed marked activity for caspase-3, illustrating substantial
apoptotic induction (Figure 4c). Moreover, the cell lysate har-
vested from pcWNV-Cp-DJY—transfected cells was positive for
caspase-9 activity, and this activity was inhibited by the addition
of the caspase-9-specific inhibitor, LEHD-FMK (Figure 4d). In
contrast, caspase-8 activity from these samples was not greatly
increased relative to the negative control, and little effect was
noted by the addition of the caspase-8—specific inhibitor, IETD-
FMK (data not shown). Cell lysates from pcDNA3.1 control
transfected cells show no caspase-8 (data not shown) or -9 activ-
ity (Figure 4d). These results firmly suggest that the mechanism
of WNV-Cp-induced apoptosis is through the disruption of the
mitochondrial transmembrane potential and the activation of
caspase-9, which result ultimately in activation of the caspase-3
pathway.

Mapping Apoptosis-Inducing Domain

To map the apoptosis-inducing domain, a 3'-terminal dele-
tion mutant with deletion of 3'-terminal 55 amino acids was
generated, and its integrity was tested by in vitro translation/
transcription (Figure 5a,b). Furthermore, to examine whether
the specific 3'-terminal region is a determinant for the
observed apoptosis, plasmids were transfected into RD cells,
and cell lysates were analyzed for caspase-3, -8, and -9 activi-
ties. The native WNV-Cp constructs showed strong caspase-3
activity (Figure 5c¢). In addition, this 3'-deletion mutant
showed similarly lower induction of caspase-9 activity (Figure
5d). These data support the hypothesis that this 3' domain
plays an important role in the induction of apoptosis by the
WNV-Cp protein. Furthermore, to confirm that this apoptosis-
induction pathway is through caspase-9, a domant negative
(DN) caspase-9 construct, which has been reported to inhibit
the caspase cascade, was cotransfected wiwth pcWNV-Cp-
DJY or pcWNV-CpWT and the expression level of pro-
caspase-9 cleavage products (35-37 kDa) was compared to the
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Figure 3. In vivo West Nile virus capsid expression induces apoptosis
and inflammation in mice. TUNEL assay was performed on muscle cry-
osections harvested from mice injected with pcWNVCp-DJY (a) or
pcDNAS3.1 (b). Hematoxylin/eosin staining was performed on mouse tib-
ialis muscle cryosections harvested from mice injected with pcWNVCp-
DJY (c) or pcDNA3.1 (d) at 48 h postinjection (magnification: 200X [a,
b] and 40X [c, d]). Immunohistochemical analysis was performed for
detection of WNVCp-DJY protein expression in mouse brain injected
with pcDNA3.1 or pcWNVCp-DJY as detected with HRP [Q17: spell
out?](e, f, respectively). TUNEL assay on mouse brain cryosections
harvested from pcWNVCp-DJY injected mouse was detected with HRP
(g) (magnification: 300X [e through g]). Immunohistochemical studies
were performed for detection of WNVCp-DJY protein expression in
mouse brain injected with pcWNVCp-DJY or pcDNA3.1 as detected by
fluorescein isothiocynate stain (h, i, and j , k, respectively). TUNEL
assay on mouse brain cryosections harvested from pcWNVCp-DJY-
injected mice (I, m) or pcDNA3.1-injected mice as detected with fluores-
cein isothiocyanate (n, o). WNVCp-DJY protein expressing His-positive
cells or TUNEL-positive cells were visualized under ultraviolete micro-
scope (h or |, respectively). Nuclear staining for WNVCp-DJY- or
pcNDAS3.1-transfected cells was visualized with appropriate filters (i, m
or k, 0, respectively) (magnification: 630X [h through 0]).

activity of the 3'-deletion mutant, pcWNV-CpA3' and
pcDNA3.1 in Western blot analysis. The DN caspase-9 specif-
ically blocked the cleavage of pro-caspase-9 in pcWNV-Cp-
DJY and pcWNV-CpWT cotransfected cell lysates compared
to those of pcWNV-Cp-DJY or pcWNV-CpWT in transfected
cell lysates (Figure 5e). Moreover, the cell lysate transfected
with the 3'-terminal deletion mutant had lower cleavage of
pro-caspase-9, which is related to the lower induction of
caspase-3 and —9 activity as determined by protease activity
assay (Figure 5c,d). Cell lysates from pcDNA3.1 control trans-
fected cells show much less pro-caspase-9 cleavage products.
Although the apoptotic effects of wild-type WNV as well
as other flaviviruses have been previously reported, the gene
or genes responsible for this effect in WNV have not been
described. The Cp-induced apoptosis in the brain implies that
the expression of the WNV-Cp protein in the central nervous
system may play an important role in initiating neuronal cell
death through apoptosis-induced inflammation. Therefore, this
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process may be important in the pathogenesis of WNV-
induced encephalitis.

In this study, the WNV-Cp protein—induced apoptosis
through the destabilization of the mitochondrial transmem-
brane, resulting in the likely release of cytochrome c (20,21).
The complex of cytochrome c/Apaf-1 recruits and activates
procaspase-9 (22), not procaspase-8. Paradoxically, the karyo-
philicity of WNV-Cp protein does not fully explain the desta-
bilization of the mitochondrial membrane and its ability to
drive the caspase-9 apoptotic pathway. Therefore, it is possible
that WNV-Cp changes the host cell transcriptional machinery,
resulting in an over expression of certain proteins related to an
apoptotic program, which consequently feed back to the mito-
chondria, or that as WNV-Cp moves from the cytoplasm to the
nucleus, it may sequester or inactivate an important member of
the antiapoptotic pathway or the cell cycle pathway, and thus
induce the apoptotic cascade. Furthermore, the data suggest
that WNV-Cp may interact with host cell proteins to induce
apoptosis in the host cell. Identifying these proteins will likely
give more insight into the biology of WNV. This biology likely
involves the WNV-Cp 3’ region. Moreover, this flavivirus con-
tains a capsid protein, which localizes to the nucleus. Flavivi-
rus replication is normally cytoplasmic, although some
evidence supports nuclear function as part of the viral life
cycle. In fact, Kunjin virus capsid has been found in the
nucleus (23). Our results identify the nuclear localizing prop-
erty of the protein as a potential pathogenic attribute. Hence,
the pathogenic region of the protein is localized within the 3'-
terminal region. Therefore, creating a WNV isolate that no
longer localizes the capsid to the nucleus may result in a virus
that loses pathogenesis, providing a novel approach for
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Figure 4. Mitochondria transmembrane potential and caspase activities
measurement. HeLa-CD4 cells were transfected with pcWNVCp-DJY (a)
or pcDNA3.1 (b), and their mitochondria transmembrane potential was
measured after 48 h by ultraviolete illumination. A colorimetric caspase
activity assay was performed with pcWNVCp-DJY— or pcDNA3.1-trans-
fected cells for caspase-3 (c) or caspase-9 (d) activity. As a specificity
control, the inhibitor LEHD-FMK for caspase-9 was added to the reac-
tions along with relevant substrate (d). A specific positive control was
used for assay validation (magnification: 1000X [a and b]).
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Figure 5. APoptosis determining domain in WNVCp gene. a, Schematic
diagram of pcWNVCp-DJY, pcWNVCpWT and pcWNVCp_3' con-
structs. b, Immunoprecipitation of in vitro translated protein from pcWN-
VCp-DJY (Cp-DJY), pcWNVCpWT ((ﬁ‘pWT), and pcWNVCp-3' (Cp_3’)
plasmids. As a negative control, pcDNA3.1 in vitro translated superna-
tants were analyzed. c, Colorimetric caspase-3 activity assay using
pcWNVCp-DJY (Cp-DJY), pcWNVCpWT ﬁCpWT), or pcWNVCpD3'
(CpD3’) plasmid transfected cells. d, The cell lysates were assayed for
caspase-9-like activity, and the pcDNA3.1 transfected cell lysate was
used as the negative control. e, Inhibition of WNVCp induced apoptosis
by a dominant negative (DN) caspase-9 plasmid (DN Casp9) was
assamed with equal amount of cell Igsates from co-transfection of
pcWNVCp-DJY (Cp-DJY) or pcWNVCpWT (CpWT), an expression
level of pro-caspase-9 cleavage products (35 to 37 kDa) was compared
to 3'-terminal deletion mutant, pcWNVCp_3’ (Cp_3') and pcDNA3.1 by
Western blot analysis with anti-human caspase-9 mAb.

vaccine studies. These results also imply that inhibiting the C-
terminal region’s ability to interact with its putative ligand
could be an important target for the development of new treat-
ments for WNV infection.
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Vector Competence of
California Mosquitoes
for West Nile virus

Laura B. Goddard,* Amy E. Roth,* William K. Reisen,* and Thomas W. Scott*

To identify the mosquito species competent for West Nile virus (WNV) transmission, we evaluated 10 Cali-
fornia species that are known vectors of other arboviruses or major pests: Culex tarsalis, Cx. pipiens pipi-
ens, Cx. p. quinquefasciatus, Cx. stigmatosoma, Cx. erythrothorax, Ochlerotatus dorsalis, Oc. melanimon,
Oc. sierrensis, Aedes vexans, and Culiseta inornata. All 10 became infected and were able to transmit
WNYV at some level. Ochlerotatus, Culiseta, and Aedes were low to moderately efficient vectors. They feed
primarily on mammals and could play a secondary role in transmission. Oc. sierrensis, a major pest spe-
cies, and Cx. p. quinquefasciatus from southern California were the least efficient laboratory vectors. Cx.
tarsalis, Cx. stigmatosoma, Cx. erythrothorax, and other populations of Cx. pipiens complex were the most
efficient laboratory vectors. Culex species are likely to play the primary role in the enzootic maintenance

and transmission of WNV in California.

hree years since its 1999 introduction into North Amer-

ica, West Nile virus (WNV) has spread rapidly from New
York to the Rocky Mountains and to the Gulf of Mexico. As of
September 2002, over 1,900 human cases of WNV encephali-
tis have been confirmed with 94 deaths; >6,000 equine cases
also occurred during 2002 (1). The imminent spread of this
virus culminated in the establishment of WNV surveillance
programs in 48 states. Surveillance programs include testing
mosquito pools for virus, sentinel chickens for seroconversion,
wild birds for virus and seroconversion, and equine and human
cases (2).

WNV is a geographically widespread arbovirus in the fam-
ily Flaviviridae, genus Flavivirus (3). The virus, first isolated
from the blood of a woman in the West Nile district of Uganda
in 1937 (4), historically has been endemic to Africa, Western
Asia, and the Middle East. Recently, WNV has expanded its
distribution and caused epidemics in Russia, Romania, France,
and Israel (5,6).

WNYV is maintained in an enzootic transmission cycle
among Culex mosquitoes and wild birds. In Africa and the
Middle East, WNV has been most frequently isolated from Cx.
univitattus (7,8). In Asia, members of the Cx. vishnui complex
have been implicated as the primary vectors (9). Cx. modesuts
was identified as a principal vector during a 1960s epidemic in
France (3). During the North American outbreak, members of
the Cx. pipiens complex were considered the primary epizootic
vectors (10). Since the New York outbreak in 1999, WNV has
been recovered from 26 North American mosquito species,
including Cx. pipiens, Cx. salinarius, Cx. restuans, Ochlerota-
tus canadensis, Oc. japonicus, Aedes vexans, and Culiseta
melanura (11,12). Recent vector competence studies indicate
that some North American Culex and Ochlerotatus species are
relatively efficient laboratory vectors (13—15).

*University of California, Davis, California, USA
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As WNV expands its range westward across North Amer-
ica, examining the vector competence of the different mos-
quito species will help to anticipate patterns of transmission
and the relative contribution of different vector species to virus
amplification and persistence. The enzootic transmission
cycles of WNV, Saint Louis encephalitis virus (SLEV), and
Western equine encephalomyelitis virus (WEEV) in North
America are conceptually identical, with Culex vectors trans-
mitting virus among passerine avian hosts. In the western
United States, SLEV and WEEV share a common mosquito
host, Cx. tarsalis, which will presumably also support WNV
transmission. Moreover, WNV and SLEV are closely related
viruses in the Japanese encephalitis virus (JEV) serocomplex
(3), and Cx. tarsalis has been shown to be an efficient vector
of both SLEV (16) and JEV (17). Current WNV control strate-
gies are based largely on vector control (18); therefore, identi-
fying which species have the greatest potential for
transmission is essential in formulating and focusing a preven-
tion plan (19). We evaluated 10 California vector and pest
mosquito species’ for their ability to become infected with and
transmit WNV.

Materials and Methods

Mosquitoes

We assessed the vector competence for WNV of 10 Califor-
nia mosquito species from 14 different geographic locations
(Table 1). Vector competence refers to the intrinsic permissive-
ness of an arthropod for the infection, replication, and transmis-
sion of a virus (20,21). Voucher specimens for each species
were deposited at the Bohart Museum of Entomology at the
University of California, Davis, California. Cx. tarsalis is the
principal enzootic vector of WEEV and SLEV in California
(22). Members of the Cx. pipiens complex have been primary
vectors of WNV in New York (10) and could potentially play a
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Tabl\%t California mosquito species tested for vector competence for
WN

b

Species Source Generation
Culex tarsalis Yolo Co. Fy
Bakersfield, Kern Co. Fy
Coachella Valley, Riverside Co. F,
Cx. pipiens quinquefasciatus Bakersfield, Kern Co. Fy
Coachella Valley, Riverside Co. F,
Orange Co. Wild adults
Cx. p. pipiens Shasta Co. Fy
Cx. stigmatosoma Chino, San Bernardino Co Wild adults
Cx. erythrothorax San Joaquin Marsh, Orange Co.  Wild adults
Coachella Valley, Riverside Co.  Wild adults
Ochlerotatus dorsalis Morro Bay, San Luis Obispo Co. Fy
Oc. melanimon Lost Hills, Kern Co. Wild adults
Oc. sierrensis Lake Co. Fy
Aedes vexans Coachella Valley, Riverside Co. F,
Culiseta inornata Lost Hills, Kern Co. Fy

WNV, West Nile virus, Co., County; F, adults reared from wild-caught larvae or eggs;
Fy, progeny from wild-caught adults reared in the laboratory; wild adults, wild-caught
adults of unknown age.

bAll mosquitoes were collected during 2001 except Cx. p. quinquefasciatus (Orange
Co.), Cx. stigmatosoma, Cx. erythrothorax, and Cx. inornata, which were collected dur-
ing 2002.

similar role in California, especially in urban environments. We
defined members of the Cx. pipiens complex on the basis of the
geographic location of collection and on previously described
hybrid zones in California (23). Consequently, we considered
members of the complex collected from northern California to
be Cx. p. pipiens, and those collected from central and southern
California to be Cx. p. quinquefasciatus. Cx. stigmatosoma, an
abundant species in California, is naturally infected with
WEEYV and SLEV (24) and is an efficient laboratory vector of
SLEV (16). Cx. erythrothorax, another widespread species,
typically inhabits marshlands and is an opportunistic feeder
(25). Oc. dorsalis and Oc. melanimon, involved in the trans-
mission of WEEV among small mammals, are laboratory-con-
firmed vectors of WEEV (26,27). Oc. sierrensis is a major pest
in California that frequently bites humans and other mammals
and transmits dog heartworm, Dirofilaria immitis (28). We
tested Ae. vexans because it feeds readily on mammals (29) and
was found to be naturally infected with WNV during the 1999
New York outbreak (11,12). Cs. inornata is a mosquito that is
active during the winter; this species could potentially maintain
WNV amplification and transmission during winter months
when Culex species are inactive (30).

Virus and Virus Assay

We used WNV strain 35211 AAF 9/23/99, which was iso-
lated from a flamingo during the 1999 New York outbreak and
passaged twice in Vero (African green monkey kidney) cell
cultures. All artificial blood meal, transmission, and mosquito
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body samples were examined for virus by plaque assay in six-
well tissue culture plates (Costar, Corning, NY) containing
monolayers of Vero cells. Mosquito bodies were ground indi-
vidually in 0.5 mL of mosquito diluent (phosphate-buffered
saline [PBS], 20% fetal bovine serum [FBS], antibiotics).
Plaque assays were conducted by adding 100 puL of each sam-
ple to confluent cell monolayers and incubating inoculated
cells at 37°C for 1.5 h to allow for virus to attach and enter
cells. After incubation, cells were covered with a 2% agarose
overlay containing 0.005% neutral red. After 96 h and 120 h of
incubation at 37°C, in a 5% CO, atmosphere, plaques were
counted, and virus concentrations were calculated as PFUs per
1.0 mL.

Mosquito Infection

Mosquitoes were infected orally by feeding on hanging
blood droplets (defibrinated rabbit blood [Microbiological
Media, San Ramon, CA]) containing 2.5% sugar and 1071201
or 104+%*0-1 WNV PFUs/1.0 mL of blood. Infectious blood was
diluted in bovine albumin-PBS and stored at —80°C until
examined by plaque assay to determine the titer. Engorged
mosquitoes were held at 28°C, during a 16:8 light:dark photo-
period, and provided a 10% sucrose solution in cotton wicks.

Experimental Transmission

Mosquitoes were deprived of sucrose for 24 h before trans-
mission attempts. On days 7 and 14 after infection, mosquitoes
were immobilized by exposure to triethylamine and their pro-
boscises were inserted into a capillary tube containing a 1:1
FBS and 10% sucrose solution for 10 min (31). Transmission
fluid was expelled into 250 pL of mosquito diluent and frozen
at —80°C until assayed. Individual mosquito bodies were simi-
larly frozen at —80°C before being thawed, ground, and
assayed.

Statistical Analysis

Infection and transmission rates were compared at day 7
and day 14 data for each dose by the Fisher exact test using
SAS 8.2 (SAS Institute, Inc., Cary, NC). Differences were
considered statistically significant at alpha >0.05 and adjusted
for multiple comparisons.

Results

All mosquito species tested were susceptible to infection,
and WNV was detected, to some extent, in their salivary secre-
tions. Infection rates were generally higher after 7 days’ incu-
bation than 14 days. Transmission rates were generally highest
for females infected with the high dose of 1071201 pFU/mL
and incubated for 14 days (Table 2).

Infection rates varied markedly among species but were
consistently highest after infection with the high dose of WNV.
Infection rates of Culex species and Cs. inornata tested 14
days after imbibing the high virus dose ranged from 58% to
100%, except for Cx. p. quinquefasciatus from the Coachella
Valley and Orange County. Oc. dorsalis and Oc. melanimon
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Table 2. Infection and transmission rates for California mosquito species orally infected with 1071291 PFU/mL of West Nile virus (WNV)

Species Source by county Day transmission attempted No. tested Infection rate? Transmission rate?
Culex tarsalis Yolo 7 30 87 60
14 1 100 100
Kern 7 15 93 40
14 35 74 60
Riverside 7 49 94 10
14 55 85 62
Cx. pipiens quinquefasciatus Kern 7 50 86 4
14 50 58 52
Riverside 7 60 8 0
7 60 13 2
14 58 28 19
Orange 7 45 80 9
14 50 66 36
Cx. p. pipiens Shasta 7 17 100 0
14 31 100 71
Cx. stigmatosoma San Bernardino 7 15 67 0
14 48 77 19
Cx. erythrothorax Orange 7 15 100 33
14 25 100 64
Ochlerotatus dorsalis Kern 7 30 50 13
14 29 41 34
Oc. melanimon San Luis Obispo 7 50 46 18
14 60 48 20
Oc. sierrensis Lake 7 40 5 3
14 50 14 6
Aedes vexans Riverside 14 22 32 23
Culiseta inornata Kern 14 28 75 21

#Percent of mosquito bodies positive for WNV.
bPercent of transmission attempts positive for WNV.

infection rates ranged from 41% to 48%. Ae. vexans had a
moderate infection rate of 32%, whereas Oc. sierrensis and
Cx. p. quinquefasciatus from the Coachella Valley had infec-
tion rates <15%. The last two infection rates are significantly
lower than the day-14 high—dose infection rates for all species
tested, except for Cx. tarsalis (Yolo County), Cx. p. quinque-
fasciatus (Orange County), Oc. dorsalis, and Ae. vexans
(p<0.0009). Despite the high susceptibility of Cx. tarsalis
(Yolo County), its day-14 infection rates are not statistically
significant, which may be attributed to the small sample size.
Culex species, excluding Cx. p. quinquefasciatus from the
Coachella Valley and Orange County, were most efficient at
transmitting virus after exposure to the high dose and 14-day
incubation period. Cx. tarsalis (Yolo County) was the most
efficient laboratory vector; 60% of expectorate samples con-
tained virus after only 7 days of incubation. These Cx. tarsalis
(Yolo County) transmission results were significantly higher
than all other day-7 high—dose transmission rates (p<0.001),
except for Cx. tarsalis (Bakersfield) and Cx. erythrothorax
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(Coachella Valley). Only one Cx. tarsalis (Yolo County) was
tested on day 14 because of excessive mortality beginning on
day 10. After 14 days of incubation, >60% of the Cx. tarsalis
from all three regions in California, Cx. stigmatosoma and Cx.
erythrothorax (Coachella Valley) transmitted virus. Cx. p.
quinquefasciatus (Bakersfield) followed closely with a 52%
transmission rate. Cx. p. quinquefaciatus (Orange County), Cx.
p. pipiens, Cx. erythrothorax (Orange County), Oc. dorsalis,
Oc. melanimon, Ae. vexans, and Cs. inornata had moderate
transmission rates ranging from 19% to 36%. Oc. sierrensis
and Cx. p. quinquefasciatus from the Coachella Valley were
poor vectors, transmitting virus at rates <6%. Transmission
rates for Cx. p. quinquefasciatus (Coachella Valley) were sig-
nificantly lower than those of Cx. farsalis (Coachella Valley,
Bakersfield), Cx. p. quinquefasciatus (Bakersfield), Cx. p. pip-
iens, Cx. stigmatosoma, Cx. erythrothorax (Coachella Valley),
and Oc. dorsalis (p<0.0009). Oc. sierrensis transmission rates
were significantly lower than the same six species except for
Oc. dorsalis (p<0.0009).
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Table 3. Infection and transmission rates for California mosquito species orally infected with 10*9:9-1 PFU/mL of West Nile virus (WNV)

Day transmission attempted No. tested

b

Infection rate? Transmission rate

Species Source by county
Culex tarsalis Yolo 7
14
Kern 7
14
Riverside 7
14
Cx. pipiens quinquefasciatus  Kern 7
14
Riverside 7
14
Cx. p. pipiens Shasta 7
14
Cx. stigmatosoma San Bernardino 14
Cx. erythrothorax Orange 7
Riverside 7
14
Ochlerotatus dorsalis San Luis Obispo 7
14
Oc. melanimon Kern 7
14
Oc. sierrensis Lake 7
14

25 8 0
11 36 82
10 30 10
45 7 0

40 13 0

10 0 0

50 58 0

50 10 0

50 0 0

55 0 0

25 36 0

35 23 60
29 69 34
47 15 0

12 67

20 65 30
29 3 0

25 4 4

50 0 0

60 3 2

25 4 0

30 0 0

3Percent of mosquito bodies positive for WNV.
bPercent of transmission attempts positive for WNV.

Infection and transmission rates were lower for mosquitoes
exposed to 1049%0-1 PFU/mL of WNV (Table 3) than to the
higher dose after both 7 and 14 days of incubation. After 7 and
14 days of incubation, Culex species had a wide range of
infection rates, except for Cx. tarsalis (Coachella Valley) on
day 14 and Cx. p. quinquefasciatus (Coachella Valley) on days
7 and 14, for which infection was not detectable. Cx. stigmato-
soma infection rates on day 14 for the low dose were signifi-
cantly higher than all other day-14 low—dose infection rates,
except for Cx. erythrothorax (Coachella Valley) and Cx. tarsa-
lis (Yolo County) (p<0.001). Cx. erythrothorax (Coachella
Valley) infection rates on day 7 were significantly higher than
all day-7 infection rates, except for Cx. tarsalis (Bakersfield),
Cx. p. quinquefasciatus (Bakersfield), and Cx. p. pipiens
(p<0.001). Infection rates for Cx. erythrothorax (Coachella
Valley) on day 14 also were significantly higher than all day-
14 low—dose infection rates except for Cx. tarsalis (Yolo
County, Coachella Valley), Cx. p. pipiens, and Cx. stigmato-
soma (p<0.001). Infection rates for Ochlerotatus species were
<5% at 7 and 14 days of incubation.

After imbibing a low dose of virus and undergoing 7 days
of incubation, positive transmissions were not detected except
for Cx. tarsalis (Bakersfield). Transmission rates were highest
after 14 days of incubation for Cx. tarsalis (Yolo County), Cx.
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p. pipiens, Cx. stigmatosoma, and Cx. erythrothorax (Coach-
ella Valley), although transmission rates for Cx. tarsalis (Yolo
County) and Cx. p. pipiens were higher than the infection
rates. Their transmission rates were significantly higher than
all others (p<0.001). Transmission rates were <4% for Oc.
dorsalis and Oc. melanimon after 14 days. WNV transmission
was not detected for Cx. tarsalis (Coachella Valley), Cx. p.
quinquefasciatus (Bakersfield and Coachella Valley), Cx.
erythrothorax (Orange County), and Oc. sierrensis. Ae. vexans
and Cs. inornata were not tested at the low dose of virus.

Discussion

All 10 California mosquito species were competent labora-
tory vectors of WNV, although infection rates varied by spe-
cies, dose, and incubation period. The amount of virus we used
for infection was comparable to published natural WNV avian
viremias in Egypt (32) but less than reported for North Ameri-
can birds infected with the NY strain of WNV (33). In addi-
tion, artificial blood meals with defibrinated blood may be less
infectious by ~2 logs of virus/mL (34), although recent com-
parisons among Cx. farsalis (infected with WEEV by feeding
on viremic chickens or heparinized viremic chicken blood pre-
sented by hanging blood droplets, pledgets, or solutions
through a biomembrane) did not show significant differences
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in infection rates or titers in infected female mosquitoes (F.
Mahmood et al., unpub. data). Regardless, all mosquito spe-
cies became infected and transmitted WNV at some level.

Cx. tarsalis is one of the most efficient laboratory vectors
of WNV tested from North America (10,13—15). This species
is abundant in California and much of western North America,
where it is involved in the maintenance and amplification of
WEEV and SLEV (22). Considering its central role in the
transmission of arboviruses in avian hosts and its susceptibility
to WNV infection in the laboratory, Cx. tarsalis has the great-
est potential of the species we studied to amplify and maintain
WNV in California.

Mosquitoes in the Cx. pipiens species complex also may
be an important enzootic mosquito host in California. Cx. p.
pipiens was identified as a primary WNV vector during the
1999 New York outbreak (10) and has been suggested as a host
for overwintering flaviviruses such as WNV and SLEV (35—
38). This species could play a similar role in WNV transmis-
sion in California. Cx. p. pipiens is mainly ornithophilic (39),
but Cx. p. quinquefasciatus feeds readily on mammals (25,40),
potentially transferring WNV from birds to humans and
horses.

Cx. p. quinquefasciatus from Coachella Valley and Orange
County were significantly less susceptible to infection than
those collected from Bakersfield in the southern Central Val-
ley. Differences in infection and transmission rates indicated
that geographic differences may exist in the vector compe-
tence for WNV of mosquitoes within this species complex,
which could relate to the introgression of Cx. p. pipiens genes
into the Bakersfield population (23). The extent to which dif-
ferences in infection and transmission are caused by the
genetic structure of mosquito populations throughout the state
and the impact of these differences on WNV transmission
require additional study.

Results for Cx. tarsalis (Yolo County) and Cx. p. pipiens
exposed to the low dose of virus and incubated for 14 days
were unexpected. Infection rates for both species were consis-
tent with results for most Culex species, but transmission rates
were high and exceeded infection rates (i.e., some positive
expectorate samples were not associated with positive results
for the associated mosquito bodies, even after retesting). These
incongruous results may be attributed to experimenter error.
Additional replicates of these experiments may be needed to
verify our results.

Infection with WNV may have increased death rates in
infected female mosquitoes. In most groups, infection rates
after 14 days were less than infection rates after 7 days, per-
haps indicating that susceptible females died more rapidly than
less susceptible or uninfected females. Most noticeable were
the synchronous deaths of Cx. tarsalis in both the high- and
low-dose groups from the highly susceptible Yolo County pop-
ulation after 10 days of incubation.

Cx. stigmatosoma and Cx. erythrothorax are widely dis-
tributed species in California and were highly susceptible to
WNV infection. Cx. stigmatosoma preferentially feeds on
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birds and may play a role as an enzootic vector. Conversely,
Cx. erythrothorax behaves as an opportunistic feeder, poten-
tially bridging WNV transmission between birds and mam-
mals (25).

In California, Oc. dorsalis and Oc. melanimon are
involved in the transmission of WEEV among small mammals
and are both laboratory-confirmed vectors of WEEV (26,27).
Both species have a similar ecology and can be found in fresh
water; however, Oc. dorsalis also develops in saline and alka-
line habitats in coastal and southeastern California, respec-
tively (26,41,42). Oc. melanimon plays a secondary role in the
maintenance of WEEV in lagomorphs during the late summer
in the Central Valley of California (43). WEEV and California
encephalitis viruses have been isolated from Oc. melanimon
(44,45). Oc. melanimon is an abundant pest species in the Cen-
tral Valley that readily bites humans, other mammals, and
(occasionally) birds (29,46). With moderate WNV transmis-
sion rates and a preference for mammalian hosts, these species
have little potential to act as secondary or bridge vectors from
birds to mammals.

Oc. sierrensis, a widely distributed tree hole mosquito, is a
major pest in California that frequently bites humans and other
mammals (28,46). However, arboviruses have not been iso-
lated from this species to date, and its infection and transmis-
sion rates for WNV were low in the current study. Mammalian
feeding preferences coupled with low vector competence for
WNV indicate that this species probably would not be an
enzootic or bridge vector of WNV in California.

WNV was isolated from wild Ae. vexans collected from
the eastern United States during 2001 (11). Arboviruses rarely
have been isolated from Ae. vexans in California (24), even
though this species has been found infected with WEEV dur-
ing epizootics in the central United States (47) and has been
shown capable of laboratory transmission of WEEV (48) and
SLEV (49) at high infectious doses. In a single trial during the
current study, Ae. vexans exhibited moderate infection and
transmission rates for WNV. Mammalian feeding preferences
(29,45) decrease its potential as an enzootic vector for WNV
in California.

Cs. inornata is a widely distributed winter mosquito in
California with relatively high infection and moderate trans-
mission rates for WNV. The species is a laboratory-confirmed
vector of WEEV and SLEV viruses (49,50) and a primary hor-
izontal and vertical vector of some bunyaviruses (51,52). We
tested this species because of its potential to extend the trans-
mission season of WNV in California beyond the November—
January diapause of Cx. tarsalis (53,54). Cs. inornata prima-
rily feeds on livestock and occasionally on birds (46,55,56)
and may play a minor role in the amplification and transmis-
sion of WNYV in California.

Because WNV was recently introduced into North Amer-
ica, little is known about the vector competence of New World
mosquitoes for this invading strain of virus. Assessing the vec-
tor competence of California mosquitoes provides arbovirus
surveillance and mosquito control programs with valuable
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information concerning the possible roles of different species
in the transmission and maintenance of WNV. Our results indi-
cated that, similar to other parts of the world, mosquitoes in
the genus Culex are anticipated to be the principal enzootic
mosquito hosts of WNV in California. On the basis of their
vector competence and host-feeding patterns, Cx. tarsalis may
be the principal vector in rural agricultural ecosystems; in
addition, members of the Cx. pipiens complex and perhaps Cx.
stigmatosoma will be important vectors in urban settings. If
WNYV becomes established in a Cx. farsalis—passerine trans-
mission cycle, the effect of sharing a common vector on the
evolution of two closely related flaviviruses, WNV and SLEV,
will be determined. The variation in WNV vector competence
and other components of vectorial capacity within single mos-
quito species will need to be studied. Cx. erythrothorax and
species in the genera Ochlerotatus and Culiseta are likely to
serve as secondary or bridge vectors. Our results for Cx. p.
quinquefasciatus collected in different geographic locations,
however, indicate that not all mosquitoes in a single taxonomic
unit will contribute equally to WNV transmission.
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Efficacy of Killed Virus Vaccine,
Live Attenuated Chimeric Virus
Vaccine, and Passive
Immunization for Prevention of
West Nile virus Encephalitis in
Hamster Model

Robert B. Tesh,* Juan Arroyo,t Amelia P.A. Travassos da Rosa,* Hilda Guzman,*
Shu-Yuan Xiao,* and Thomas P. Monatht

Results of experiments evaluating the efficacy of three immunization strategies for the prevention of West
Nile virus (WNV) encephalitis are reported. Immunization strategies evaluated included a killed virus veter-
inary vaccine, a live attenuated chimeric virus vaccine candidate, and passive immunization with WNV-
immune serum; all were tested by using a hamster model of the disease. Each product protected the ani-
mals from clinical iliness and death when challenged with a hamster-virulent wild-type WNV strain 1 month
after initial immunization. The live attenuated chimeric virus vaccine candidate induced the highest
humoral antibody responses, as measured by hemagglutination inhibition, complement fixation, and
plaque reduction neutralization tests. Although the duration of protective immunity was not determined in
this study, our preliminary results and the cumulative experience of other virus vaccines suggest that the
live attenuated chimeric virus provides the longest lasting immunity.

fter the appearance of West Nile virus (WNV) in North

America and the resulting human and equine cases of
encephalitis, considerable efforts have focused on developing
vaccines against this emerging viral pathogen. A number of
different WNV vaccine candidates have been recently
described and are now in various stages of testing (1-4). A for-
malin-inactivated veterinary vaccine (West Nile Virus Vac-
cine, Killed, Fort Dodge Animal Health, Fort Dodge, IA) was
conditionally licensed by the U.S. Department of Agriculture
in August 2001 and has already been used in equines and
exotic zoo birds in some areas of the country. We report the
results of studies evaluating the efficacy of the killed veteri-
nary vaccine, a live attenuated chimeric virus candidate, and
passive immunization with immune serum for preventing
WNV encephalitis in a hamster model of the disease (5,6).

Materials and Methods

Virus, Vaccines, and Immune Serum

The virus used to infect animals in these studies was a sec-
ond Vero cell passage of strain NY385-99, originally isolated
from the liver of a Snowy Owl (Nyctea scandiaca) that died at
the Bronx Zoo during the 1999 WNV epizootic in New York
City (7). Two different WNV vaccines were evaluated in the

*University of Texas Medical Branch, Galveston, Texas, USA; and
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hamster model: West Nile Encephalitis Virus Vaccine (killed),
(Fort Dodge Animal Health, Fort Dodge, [A), a formalin-inac-
tivated whole virus veterinary vaccine, and ChimeriVax—West
Nile virus (Acambis, Inc., Cambridge, MA), a live attenuated
chimeric virus vaccine candidate (1). The immune serum used
in passive immunization experiments was prepared by pooling
convalescent-phase serum samples of six hamsters that were
bled 5 weeks after infection with WNV strain NY385-99.

Hamsters and Hamster Model

Animals used in these studies were adult (10—11 weeks
old) female hamsters (Mesocricetus auratus) obtained from
Harlan Sprague Dawley, Inc. (Indianapolis, IN). The hamster
model of WNV encephalitis has been described (5,6). After
intraperitoneal inoculation of 10* tissue culture infectious
dosesq (TCIDs) of WNV strain NY385-99, fatal encephalitis
developed in approximately 50% of adult hamsters. Animals
were cared for in accordance with the guidelines of the Com-
mittee on Care and Use of Laboratory Animals (Institute of
Laboratory Animal Resources, National Research Council)
under an animal-care protocol approved by the University of
Texas Medical Branch. All work with infected animals was
carried out in biosafety level 3 facilities.

Immunization Schedule and Challenge with WNV

Hamsters immunized with West Nile Encephalitis Virus
Vaccine (killed) received two intramuscular injections of 0.1 mL
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each, given 3 weeks apart, following manufacturer’s recommen-
dation. Eleven days after the second immunization, the hamsters
were bled to determine their antibody response; each animal
was then inoculated intraperitoneally with 10* TCIDso of WNV
strain NY385-99. After challenge with live virus, the animals
were bled daily for 6 consecutive days to measure the level of
viremia and subsequent immune response. The animals were
observed for another 21 days to determine if any developed
signs of encephalitis or died.

Two groups of hamsters were inoculated intramuscularly
with the ChimeriVax—WNYV vaccine. One group received 1063
PFU, and the other received 1033 PFU of the chimeric virus.
Thirty-one and 32 days, respectively, after injection of the
virus, the two groups of hamsters were inoculated intraperito-
neally with 10% TCID5, of WNV strain NY385-99. After chal-
lenge, the animals were bled daily for 67 days to measure the
level of viremia and immune response, as described previ-
ously. These hamsters were also observed for 21 additional
days for signs of illness or death.

Two groups of hamsters also were passively immunized
with different amounts (0.1 mL and 0.5 mL) of hamster WNV-
immune serum, given intramuscularly. One day after passive
immunization, both groups of animals were bled to determine
if detectable titers of WNV hemagglutination inhibition (HI)
antibodies were present in their serum. The animals then were
inoculated intraperitoneally with 10* TCIDsy of WNV strain
NY385-99, bled for 7 consecutive days, and observed for
another 21 days, as described previously.

A group of naive (control) hamsters was also inoculated
intraperitoneally with the same dosage of WNV strain NY385-
99. Thirty-eight days after infection, 10 of the surviving ani-
mals were bled to determine their antibody response.

Virus Titration and Antibody Determinations

Serial blood samples from the hamsters were titrated in
microplate cultures of the C6/36 clone of Aedes albopictus
cells (8). The presence or absence of WNV wviral antigen,
determined by immunofluorescence, was used as the endpoint.
This technique has been described in detail (5,6). WNV titers
in the blood samples were calculated as the TCID5 per micro-
liter of specimen by the method of Reed and Muench (9).

Serum antibodies to WNV and Yellow fever virus (YFV)
were measured by HI, complement fixation (CF), and plaque
reduction neutralization (PRN) tests. Antigens for HI and CF
tests were prepared from brains of newborn mice injected
intracerebrally with the respective flaviviruses; these infected
brains were treated by the sucrose-acetone extraction method
(10). Hamster sera were tested by HI at serial twofold dilutions
from 1:20 to 1:5,120 at pH 6.6 (WNV) or 6.4 (YFV) with 4 U
of antigen and a 1:200 dilution of goose erythrocytes, follow-
ing established protocols (10).

CF tests were performed by a microtechnique (10) with
two full units of guinea pig complement and antigen titers
>1:32. Titers were recorded as the highest dilutions giving +3
or +4 fixation of complement on a scale of 0 to +4.
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PRN tests on hamster serum were performed by a previ-
ously described technique (11) in 24-well, Vero-microplate-
cell cultures, using a fixed virus inoculum (~100 PFU) against
varying serum dilutions (1:10 to 1:20,480). For PRN tests, the
Egypt 101 strain of WNV (12) was used because this strain
produced larger and sharper plaques than NY385-99. Hamster
serum samples were diluted in phosphate-buffered saline, pH
7.4, containing 10% fresh guinea pig serum. Virus inoculum
was mixed with an equal volume of each serum dilution; and
the mixture was incubated overnight at 4°C. The following
day, 50 uL of the serum-virus mixture was injected into Vero
microplate cultures, with two wells per serum dilution. Virus
plaques were read 4 days later; >90% plaque reduction was
used as the endpoint.

Results

WNYV Infection in Naive Hamsters

The level and duration of viremia, antibody response, and
deaths in naive (non-immune) adult hamsters after WNV
infection have been described (5,6). Following intraperitoneal
inoculation of 10% TCIDs, of WNV strain NY385-99, moder-
ate levels of viremia that persisted for 6 days developed in the
hamsters (Figure). HI antibodies were detected in the animals
as early as day 5, and titers continued to increase through day
7. Initially, HI antibody response in primary WNV infection is
specific; but after 3 or 4 weeks, the antibody pattern becomes
more broadly reactive and serologic cross-reactions occur with
other flavivirus antigens (6). Table 1 shows the HI, CF, and
PRN antibody responses to WNV antigen and virus in 10
naive adult hamsters that survived infection with the NY385-
99 virus strain. These animals were bled 38 days after infec-
tion. Hamsters who survived infection with wild-type WNV
appeared to have solid immunity 1 month after infection
(Table 1). Convalescent-phase sera from some of these ani-
mals were used to prepare the WNV immune serum used in
the passive immunization experiments described below.
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Figure. Daily mean (plus or minus the standard deviation) virus titers
and hemagglutination inhibition (HI) antibody levels in 10 naive (control)

hamsters after intraperitoneal inoculation of 10* TCID5, West Nile virus
strain NY385-99.
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Table 1. Hemagglutination inhibition, complement fixation, and plaque
reduction neutralization antibody responses of najive adult golden
hamsters that survived West Nile virus infection?P°

HI antibody titer CF antibody titer ~ WNV PRN anti-

Animal no. WNYV antigen WNV antigen® body titerd
H-8589 1:1280 1:320 1:10,240
H-8590 1:640 1:160 1:10,240
H-8591 1:640 1:320 1:5120
H-8592 1:640 1:80 1:2560
H-8593 1:640 1:160 1:2560
H-8594 1:1280 1:160 1:5120
H-8595 1:1280 1:320 1:10,240
H-8596 1:1280 1:320 >1:20,480
H-8597 1:1280 1:320 1:5120
H-8598 1:1280 1:640 1:2560

8HI, hemagglutination inhibition; CF, complement fixation; PRN, plaque reduction neu-
tralization; WNV, West Nile virus.

bAnimals 38 days after inoculation of virus strain NY385-99 (10*9 tissue culture infec-
tive doses given intraperitoneally).

‘WNV antigen titer = >1:32.

dHighcst serum dilution producing >90% plaque inhibition.

Table 2. WNV antibody response of hamsters after immunization with
WNV killed virus v%ccine (Fort Dodge) and challenge with the NY385-
99 strain of WNV#

HIantibody CFantibody PRN antibody
Animal no. titer titer titer®

32 days after Ft. Dodge vaccine

H-8440 1:40 1:40 1:20
H-8441 od 0 <1:10
H-8442 1:20 1:40 <1:10
H-8443 1:40 1:40 1:20
H-8445 1:40 1:40 1:20
H-8446 1:20 1:20 1:40
H-8447 1:20 1:20 <1:10
H-8448 1:20 1:20 <1:10
H-8449 1:40 1:20 1:10

6 days after challenge with WNV

H-8440 1:80 1:80 ND
H-8441 1:320 1:160 ND
H-8442 1:40 1:40 ND
H-8443 1:40 1:40 ND
H-8445 1:320 1:160 ND
H-8446 1:80 1:40 ND
H-8447 1:320 1:160 ND
H-8448 1:160 1:80 ND
H-8449 1:160 1:40 ND

WNV Infection in Hamsters Previously
Immunized with a Killed Vaccine

Table 2 shows the HI, CF, and PRN antibody responses of
nine hamsters 32 days after immunization (2 injections) with
the Fort Dodge WNYV killed vaccine. One month after the ini-
tial immunization, eight of nine animals had detectable levels
of HI and CF antibodies; five of nine hamsters had low levels
of WNV-neutralizing antibodies. Six days after challenge with
the wild-type virus, most of the hamsters had an increase
(range two-fold to 32-fold increase) in their HI and CF anti-
body titers, indicating some degree of antigenic stimulation
and possible virus replication. Two of the hamsters had detect-
able levels of viremia after challenge with the wild-type virus
(Table 3). However, none of the animals appeared clinically
ill, and all survived.

WNYV Infection in Hamsters Previously
Immunized with Live, Attenuated Chimeric Vaccine

Tables 4 and 5 show the antibody responses of hamsters
receiving two different doses (106'3 and 103'3) of ChimeriVax-
WNV vaccine. The results of these two experiments were sim-
ilar. One month after immunization, all animals had detectable
HI, CF, and PRN-antibody titers to WNV. When tested 6—7
days after challenge with the wild-type virus, none of the ani-
mals had a substantial change in antibody titer. WNV was
detected in the blood of one animal on day 2; the titer was
1007 TCIDsy/mL (data not shown). None of the animals in
these two groups appeared sick, and all survived.

WNV Infection in Passively Inmunized Hamsters

Two groups of hamsters (A and B) were inoculated with
0.5 mL and 0.1 mL, respectively, of hamster WNV-immune
serum (Table 6). HI antibody titer of the immune serum was
1:1,280; PRN titer was 1:5,120. Twenty-four hours later, the
animals were bled and then injected with the wild-type virus.
When tested 24 hours after receiving WNV-immune serum, all

Table 3. Level and duration of viremia in hamsters previously immu-
nized with WNV killed virus vaccine (Fort Dodge) and challenged with
the NY385-99 strain of WNV?

Postinfection, by day

WNV, West Nile virus; HI, hemagglutination inhibition; CF, complement fixation;
PRN, plaque reduction neutralization; ND, not done.

510%0'50% tissue culture infective doses given intraperitoneally.

“Highest serum dilution producing >90% plaque inhibition.

dp = <1:20.
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Animal no. 1 2 3 4 5 6
8440 0P 0 0 0 0 0
8441 0 12 35 13 1.2 0
8442 0 0 0 0 0 0
8443 0 0 0 0 0 0
9445 0 0 0 0 0 0
8446 0 0 0 0 0 0
8447 0 0 0 0 0 0
8448 0 0.7 3.0 43 23 0
8449 0 0 0 0 0 0

AWNV, West Nile virus.
bVirus titers in blood expressed as log;o 50% tissue culture infective doseso/mL of
blood. 0 = <10%7 TCIDs,
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Table 4. Antibg%y response of adult golden hamsters to intramuscular inoculation of 1.8 X 10% of ChimeriVax-WNV and subsequent challenge

with WNV (10*Y TCIDsg given intraperitoneally)?

HI antibody titer CF antibody titer WNYV PRN antibody titer?
Animal no. YFV antigen WNYV antigen YFV antigen WNYV antigen
31 days after ChimeriVax-WNV
H-8183 1:40 1:160 0° 0 1:160
H-8184 1:40 1:160 0 ND 1:160
H-8185 1:40 1:160 0 1:20 1:640
H-8186 1:80 1:320 0 1:40 1:320
H-8187 1:40 1:160 0 1:20 >1:640
H-8188 1:40 1:160 0 1:20 1:640
H-8189 1:80 1:320 0 1:40 1:640
H-8190 1:40 1:160 0 1:20 1:320
H-8191 1:80 1:160 0 1:20 1:80
H-8192 1:40 1:160 0 1:40 1:80
6 days after challenge with WNV
H-8183 1:20 1:160 0 0 ND
H-8184 1:40 1:160 0 1:40 ND
H-8185 1:20 1:160 0 1:20 ND
H-8186 1:80 1:320 0 1:40 ND
H-8187 1:20 1:160 0 1:20 ND
H-8188 1:40 1:160 0 1:20 ND
H-8189 1:80 1:320 0 1:40 ND
H-8190 1:40 1:320 0 1:40 ND
H-8191 1:40 1:320 0 1:20 ND
H-8192 1:40 1:160 0 1:20 ND

WNV, West Nile virus; HI, hemagglutination inhibition; CF, complement fixation; PRN, plaque reduction neutralization; YFV, Yellow fever virus; ND, not done.

bHighest serum dilution producing >90% plaque inhibition.
€0 =<1:20.

animals in group A had low but detectable HI antibody titers.
No HI antibodies in group B were detectable after 24 hours.
Seven days after challenge with WNYV, one animal in group A
still had detectable HI antibodies. Hamsters in groups A and B
were bled for 6 consecutive days; no virus was detectable in
any of the blood samples (data not shown). All animals in
groups A and B appeared well and survived challenge. The
absence of an antibody response or viremia in the passively
immunized animals suggests that no virus replication occurred
after challenge with WNV.

Discussion

Each of the three immunization products evaluated in this
study (killed whole virus vaccine, live attenuated chimeric
virus vaccine, and passive immunization with immune serum)
protected hamsters from clinical encephalitis and death upon
subsequent challenge with the virulent wild-type WNV strain
NY385-99. In contrast, fatal encephalitis developed in approx-
imately 50% of naive hamsters inoculated with the same virus
dose (5). One obvious deficiency of our study was that the
duration of protection induced by each immunization product
was not determined. Determining the duration of protection is
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difficult with a relatively short-lived (approximately 2 yrs)
animal such as a hamster; such studies are more meaningful
when conducted by using longer-lived species such as horses
or humans. Nonetheless, the general experience with other live
and inactivated vaccines and the use of immune globulin for
prevention of viral diseases offers some clue as to the advan-
tages and disadvantages of the three approaches for preventing
WNV encephalitis (13,14).

Passive Immunization with WNV Immune Globulin
Hamsters inoculated with WNV immune serum (0.5 mL
and 0.1 mL) appeared to be completely protected when chal-
lenged with the wild-type virus 24 hours after passive immuni-
zation (Table 6). No virus was detected in the animals’ blood
after challenge, and HI antibodies to WNV viral antigen did
not develop. Immune globulins present in the WNV-immune
serum probably inhibited virus replication; consequently,
insufficient antigenic mass existed in the animals to stimulate
an antibody response. One advantage of passive immunization
with WNV-immune globulins is that the protective effect is
almost immediate (<24 hours in the case of the hamsters in our
experiment). Passive immunization with WNV-immune glob-
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Table 5. AntibodX response of adult golden hamsters to intramuscular inoculation of 1.8 X 102 of ChimeriVax-WNV and WNV10*? TCIDs, given

intraperitoneally’

Animal no. HI antibody titer CF antibody titer WNYV PRN antibody titer?
YFV antigen WNYV antigen YFV antigen WNYV antigen
32 days after ChimeriVax-WNV
H-8322 1:40 1:160 0° 1:20 1:320
H-8323 1:20 1:80 0 1:40 1:160
H-8324 1:80 1:320 1:20 1:80 1:160
H-8325 1:40 1:320 1:80 2 1:640
H-8326 1:40 1:320 1:80 1:320
H-8327 1:40 1:320 ND ND 1:320
H-8328 1:80 1:320 1:20 1:80 1:80
H-8329 1:40 1:320 0 1:80 1:80
7 days after challenge with WNV
H-8322 1:40 1:320 0 1:20 ND
H-8323 1:40 1:160 0 1:20 ND
H-8324 1:80 1:320 0 1:40 ND
H-8325 1:80 1:320 0 1:80 ND
H-8326 1:80 1:320 0 1:40 ND
H-8327 1:40 1:160 0 1:20 ND
H-8328 1:80 1:320 0 1:40 ND
H-8329 1:40 1:320 0 1:80 ND

SWNV, West Nile virus; HI, hemagglutination inhibition; CF, complement fixation; PRN, plaque reduction neutralization; YFV, Yellow fever virus; ND, not done.

bHighcst serum dilution producing >90% plaque inhibition.
€0 =<1:20.

ulins might be desirable when rapid, temporary protection
against the virus is needed or when a person with a compro-
mised immune system requires protection. The major disad-
vantage of passive immunity acquired from immune globulins
is the relatively short period of protection (13).

Inactivated WNV Vaccine

Most hamsters immunized with the Fort Dodge killed
WNYV vaccine had low levels of HI, CF, and PRN antibodies
after two injections (Table 2). None of the animals that
received the killed vaccine appeared clinically ill or died after
challenge with the wild-type WNV. However, six of the nine
hamsters had a substantial increase in their HI antibody titer
after challenge with the wild-type virus; two of the nine ani-
mals subsequently had detectable viremia (Table 3). These
data suggest that the immune response to the killed vaccine
was insufficient to completely inhibit virus replication and that
some degree of virus replication occurred after challenge with
the wild-type virus.

The Fort Dodge WNV veterinary vaccine used in this study
is a commercially available formalin-inactivated whole virion
preparation that has received conditional approval from the U.S.
Department of Agriculture for use in horses. The first WNV
vaccine approved for use in the United States, its substrate and
degree of purification are not public information. Duration of
protection with this vaccine is also unknown, although the man-
ufacturer recommends that horses be immunized annually.

1396

The major advantage of killed vaccines is their safety; the
disadvantages are that they often require multiple doses to
elicit and sustain an effective immune response and that the
immune response may be imbalanced, leading to subsequent
potentiation of the disease (14,15). However, highly purified
killed-virus vaccines have been used effectively in persons for
the prevention of Japanese encephalitis virus and Tick-borne
encephalitis virus (16,17).

Live, Attenuated Chimeric WNV

Hamsters receiving both doses (106'3 or 1033 PFU) of the
ChimeriVax-WNV had good HI and PRN-antibody responses
to WNV, when tested 1 month after immunization (Tables 4
and 5). One animal (H-8183) did not develop CF antibodies
after immunization, and two other hamsters were not tested.
Notably, CF antibodies to WNYV viral antigen developed in
most of the hamsters after vaccination with the ChimeriVax-
WNV, although humans without previous flavivirus exposure
generally do not develop CF antibodies after administration of
the 17D vaccine (18). The ChimeriVax technology platform
uses YFV 17D as a live vector for envelope genes of WNV (1).

Six and 7 days after challenge with the wild-type virus, we
found no change in HI or CF titers of the animals previously
immunized with the ChimeriVax-WNV (Tables 4 and 5). PRN
titers were not tested after challenge. WNV was detected in the
blood of a single animal on day 2, although WNV antibody
titers did not increase in the blood of this hamster 6 days after
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Table 6. WNV hemagglutination inhibition antibody titers in adult ham-
sters 24 h after inoculation (passive immunization) with WNV immune
serum, and 7 days later after challenge with WNV (1049 TCIDs, given
intraperitoneally)?

Hamster no. 24 h after passive 7 days after challenge
immunization with WNV
Group A —received 0.5 mL WNV immune serum
H-8126 1:40° 0
H-8127 1:20 0
H-8128 1:20 0
H-8129 1:20 0
H-8130 1:20 0
H-8138 1:40 0
H-8139 1:40 1:10
Group B —received 0.1 mL WNV immune serum)
H-8131 0 0
H-8132 0 0
H-8133 0 0
H-8134 0 0
H-8135 0 0
H-8136 0 0
H-8137 0 0

AWNYV, West Nile virus.
bHemagglutination inhibition antibody titer. 0 = <1:10.

challenge. These data suggest that minimal WNV replication
occurred in the animals immunized with the chimeric virus
when challenged with the wild-type virus. The levels of PRN
antibodies present in ChimeriVax-WNV—immunized hamsters
also suggest that the protection would be long lasting.

The major advantages of live attenuated virus vaccines are
that they induce a more balanced immune response and that the
resulting immunity is longer lasting than with killed vaccines or
immune globulins (13—15). Major concerns with a live WNV
vaccine are related to safety: 1) a potential vaccine might con-
tain adventitious agents; 2) the vaccine virus might cause ill-
ness in some recipients or lose attenuation during manufacture
or replication; and 3) stability. The second and third concerns
are currently being investigated and addressed; results will be
reported in subsequent publications. However, on balance, the
ChimeriVax-WNYV candidate vaccine appears to be quite effec-
tive in preventing WNV encephalitis, on the basis of our com-
parative studies in a hamster model of the disease.
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Mass Vaccination Campaign
Following Community Outbreak
of Meningococcal Disease

Gérard Krause,*f Carina Blackmore,t Steven Wiersma,{ Cheryll Lesneski,}
Laurey Gauch, and Richard S. Hopkinst

During December 12—-29, 1998, seven patients ages 2—18 years were diagnosed with serogroup C menin-
gococcal disease in two neighboring Florida towns with 33,000 residents. We evaluated a mass vaccina-
tion campaign implemented to control the outbreak. We maintained vaccination logs and recorded the
resources used in the campaign that targeted 2- to 22-year-old residents of the two towns. A total of
13,148 persons received the vaccinations in 3 days. Vaccination coverage in the target population was
estimated to be 86% to 99%. Five additional cases of serogroup C meningococcal disease occurred in the
community during the year after the campaign began, four in patients who had not received the vaccine.
The cost of control efforts was approximately $370,000. Although cases continued to occur, the vaccina-
tion campaign appeared to control the outbreak. Rapid implementation, a targeted approach, and high

coverage were important to the campaign's success.

N eisseria meningitidis is a leading cause of bacterial men-
ingitis and sepsis in children and young adults in the
United States (1,2). An estimated 2,600 cases occur each year,
most of them sporadic (2). Between 10 and 15 outbreaks of
meningococcal disease are reported in the country annually
(1,3). Outbreaks can occur in institutions as well as in commu-
nities. Communitywide outbreaks can persist for several
months, and controlling them remains a major challenge in
public health (4-6).

The primary method for preventing sporadic meningococ-
cal disease is chemoprophylaxis of close contacts after a case
is identified (1,7,8). However, the protective effect of chemo-
prophylaxis is of limited duration (6,9,10).

A quadrivalent polysaccharide meningococcal vaccine
effective against N. meningitidis serogroup A, C, W135,and Y
is available in the United States (7,11). Serogroup C N. menin-
gitidis accounts for most U.S. outbreaks (3). The Advisory
Committee on Immunization Practices (ACIP) has released
recommendations for the use of meningococcal vaccine to
control outbreaks of serogroup C meningococcal disease (11).

Identifying the need for a vaccination campaign, defining
the target population, implementing the campaign rapidly, and
achieving high vaccination coverage are difficult (5). Mass
vaccination campaigns require major logistic efforts and often
take place in an atmosphere of public anxiety (5,6,12,13). Few
local and state health departments have much experience in
responding to such outbreaks. Mass vaccination campaigns in
response to meningococcal disease outbreaks have been

*Centers for Disease Control and Prevention, Atlanta, Georgia, USA;
tFlorida Department of Health, Tallahassee, Florida, USA; and fPut-
nam County Health Department, Palatka, Florida, USA
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reported before, but only limited information is available on
the operational aspects of such efforts (4,5,9,14).

In December 1998, two neighboring towns with a com-
bined population of 33,000 persons in Putnam County, Florida,
had a community outbreak of meningococcal disease (1,3).
The health department administered chemoprophylaxis to
close contacts of the case-patients and investigated links
between patients. Detailed results of the investigation have
been described elsewhere (15). On December 29, 1998, the
decision was made to implement a mass vaccination campaign
to control the outbreak in the community, based on ACIP rec-
ommendations (7). We describe the epidemiology of the out-
break and the methods used for providing chemoprophylaxis
and implementing the vaccination campaign. We also evaluate
the results and the cost of the control efforts.

Materials and Methods

Case Definition

A case-patient was defined as a person in Putnam County
with onset of clinically compatible illness after November
1998 and isolation of serogroup C N. meningitidis obtained
from a normally sterile site or detection of serogroup C menin-
gococcal polysaccharide antigen in the cerebrospinal fluid or
serum (7). Pulsed-field gel electrophoresis (PFGE) was per-
formed on culture-confirmed isolates in the state health depart-
ment laboratory by using previously described methods
(16,17).

Chemoprophylaxis

Chemoprophylaxis—rifampin, ciprofloxacin, or ceftriax-
one, as recommended by ACIP (7)—was given to close con-
tacts. A close contact was defined as a household member,
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day-care center contact, or anyone directly exposed to the
patient’s oral secretion (7,18). We documented all chemopro-
phylaxis provided by the health department for the first nine
patients and retrospectively verified whether the persons who
had received prophylaxis met the definition of a close contact.

Vaccination Campaign

The decision to implement the vaccination campaign was
based on ACIP guidelines for community-based outbreaks (7).
We defined the population at risk as the population of the two
neighboring towns since this area represented the smallest
geographically contiguous population that included all case-
patients. The target population for the vaccination campaign
was defined as all residents ages 2—22 years.

The vaccination campaign took place December 30-31,
1998, and January 2, 1999. Additional vaccinations were
offered at the health department by appointment until January
20, 1999, for those who belonged to the target group but did
not receive the vaccine during the 3-day campaign.

We organized a single-site immunization clinic in the high
school cafeteria. We used Menommune quadrivalent polysac-
charide meningococcal vaccine (Aventis Pasteur [formerly
Pasteur Merieux Connaught], Swiftwater, PA) in 50-dose vials
originally designed for jet injector use. All adult vaccinees
signed a consent form before being vaccinated. A parental
consent was required for vaccinees <18 years of age.

Public Information

Staff of the county health department, the state health
department, and the school administration received question-
and-answer sheets to respond to telephone inquiries from the
public. The state health department installed a toll-free phone
number with automated information on the vaccination cam-
paign and posted additional information on the Internet.
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Health department staff held daily press conferences from
December 30, 1998, through January 2, 1999.

Vaccination Coverage

We maintained vaccination logs during the campaign, in
which we documented age, sex, and address of the vaccinee as
well as date of vaccination. To determine the reliability of the
address information in the log, we selected a random sample
from the vaccinees listed in the log. We validated the address
information with the school enrollment database of the county.
Only addresses of persons identified in both databases were
compared. The size of the population at risk and the target
population was determined by using 1998 official Florida pop-
ulation figures provided by the Bureau of Economic and Busi-
ness Research at the University of Florida.

Cost of the Intervention

We recorded expenditures for health department staff time
and material resources associated with the efforts to control
the outbreak. We did not include salaries for police and fire
department personnel, local health-care providers, or the value
of time and services donated by volunteers.

Results

Outbreak Investigation

During December 14-26, 1998, four female and three male
case-patients of serogroup C meningococcal disease were
reported to the health department of Putnam County (Table 1).
Their ages ranged from 2 to 18 years (median 12). Two of the
patients had close contact with each other so that the primary
disease attack rate was 15 per 100,000. The county had
received an average of one report of meningococcal disease
per year in 1988—1998.

Table 1. Cases of serogroup C meningococcal disease, Putnam County, Florida, 1998—19992

Resident Received

Onset date Sex Age of target area chemoprophylaxis Received vaccine PFGE Outcome
12/12/98 F 2 yrs Yes No No No isolate No sequelae
12/12/98 F 18 yrs Yes No No Identical No sequelae
12/18/98 M 12 yrs Yes No No Identical No sequelae
12/25/98 F 2 yrs Yes No No Identical No sequelae
12/25/98 F 4 yrs Yes No No Identical No sequelae
12/26/98 M 11 yrs Yes No No Identical No sequelae
12/26/98 M 12 yrs Yes No No No isolate No sequelae
12/29/98 M 18 yrs Yes No No Identical Died
01/03/99 M 25 yrs Yes Yes No Identical No sequelae
3/25/99 M 17 yrs No No No Identical No sequelae
5/12/99 F 6 yrs Yes Yes Yes 3 bands different ~ Necrosis of ear lobe
12/28/99 F 3 mo Yes No No Identical Died
8PFGE, pulsed-field gel electrophoresis; M, male; F, female.
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One case occurred the night before the campaign started.
After the campaign began, four additional cases (two female,
two male) of serogroup C meningococcal disease occurred
until December 1999; ages of patients ranged from 3 months
to 25 years (Table 1). One of the patients with onset in January
1999 had received chemoprophylaxis. Another patient, whose
onset was in May, had received both chemoprophylaxis and
vaccine. The other postcampaign patients had not received
vaccine. PFGE performed on isolates from 10 of 12 patients
showed identical patterns for the first eight isolates. The iso-
lates from the three case-patients in March, May, and Decem-
ber 1999 differed by three or fewer bands from the earlier
outbreak strains (Table 1).

Chemoprophylaxis

The health department gave chemoprophylaxis to a total of
484 contacts, ranging from 7 to 108 contacts per patient. Three
hundred six (63%) of those who received chemoprophylaxis
were considered close contacts according to ACIP criteria (7).

Vaccination Campaign

Law enforcement personnel from the local sheriff’s depart-
ment provided crowd and traffic control. Volunteers and cleri-
cal staff served as welcome staff, handed out information
sheets, and guided incoming people to the lines. The main
waiting line outside the school was divided into 6—18 parallel
lines inside the cafeteria. One check-in station existed for each
line. Each such station was staffed with one to three clerks,
who determined eligibility for persons by age and residency
requirements (self-reported). Two physicians supervised the
process. Vaccinees received vaccination cards and were
directed to continue to one of the 6-18 parallel vaccination
posts, located behind the check-in station. These posts were
equipped with skin disinfectants, Band-Aids, sharps contain-
ers, and coolers with prefilled vaccine syringes. Two to four
registered nurses staffed each vaccination post. A registered
nurse and a physician supervised the vaccinations. Registered
nurses prepared single-dose syringes in the cafeteria kitchen,
adjacent to the vaccination clinic. Three to 10 persons were
involved continuously in preparing the syringes. Syringes
were filled from the multidose vial, capped with new needles,
and stored in coolers. In a separate room adjacent to the vacci-
nation posts, the local fire department provided staff and
equipment for first aid and advanced life support. Two vac-

cinees needed first aid because of minor injuries, occurring as
a result of syncope before or shortly after vaccination. No
allergic reactions or injection site infections were reported dur-
ing the campaign or afterwards. One needlestick injury
occurred in a health-care worker.

Public Information

The state health department, county health department, and
school administration had difficulty coordinating the release of
information to the media and the public. Some elected officials
did not accept the targeted approach of the vaccination cam-
paign. Public anxiety resulting in part from inconsistent mes-
sages and disagreements among officials hampered efforts to
conduct the vaccination campaign as originally planned. The
toll-free information phone line registered over 5,000 calls in 7
days. In addition to the affected county health department,
health departments from neighboring counties also received
hundreds of phone calls each day during the outbreak.

Vaccination Coverage

The target population of 2- to 22-year-old residents of the
two neighboring towns was 10,132. A total of 13,535 persons
received the vaccine. Of these, 13,148 (97%) were vaccinated
during the first 3 days of the campaign; the remaining 387
(3%) were vaccinated by appointment at the health department
on January 5-20, 1999. Between 300 and 1,100 vaccinations
were given per hour. During maximum workload, 1,100 vacci-
nations were delivered per hour by approximately 78 workers
who staffed the 18 lines. According to the vaccination logs,
among the 13,148 persons who received vaccine during the
first 3 days, 10,076 (77%) belonged to the target population,
3,065 (23%) lived outside the target area, and 7 (<1%) were
older than the target age group (Tables 2 and 3). On the basis
of these numbers, vaccination coverage was 99% (10,076/
10,132). Vaccination coverage was lower in the age groups
15-20 and 21-22 years than in younger children (Table 3).
More than half of all persons in the target group received vac-
cine on day 1 of the mass campaign; 84% were immunized by
the end of day 2 and 96% after day 3 (Table 2).

Among those ages 5-17 with zip codes within the target
area (6,0699), a sample of 191 (3%) vaccination records were
selected, and the names and addresses were compared to the
school enrollment database of the county. Among these, 165
(86%) matched in name and birthdate with records in the

Table 2. Vaccinations by day and target area, Putnam County, Florida, 1998—1999

Vaccination dates Vaccinees within target area

Vaccinees outside target area

Total vaccinees % of all vaccinees in target area

12/30/98 5,398 229 5,627 96
12/31/98 3,393 656 4,049 84
1/2/99 1,292 2,180 3,472 37
Total first 3 days 10,083 3,065 13,148 77
1/2-20/99 363 24 387 94
Total 10,446 3,089 13,535 77
1400 Emerging Infectious Diseases * Vol. 8, No. 12, December 2002



Table 3. Size of target population and number vaccinated by age
group, Putnam County, Florida, 1998-1999

Estimated target No. (%) of target

Age group population population vaccinated?
Approximately 2—4 yrs 1,439 1,435 (100)
5-9 yrs 2,460 2,741 (111)
10-14 yrs 2,513 2,606 (104)
15-20 yrs 2,424 2,288 (94)
21-22 yrs 1,296 1,006 (78)
Total 10,132 10,076 (99)

3Figures >100% result from the fact that people outside the target population received
vaccination.

school enrollment database. Of these records, 142 (86%) had
addresses within the target area in the school enrollment data-
base, while 23 (14%, 95% confidence interval 9% to 19%) had
addresses outside the target area. If 14% of the addresses for
the 10,076 vaccinees with addresses within the target area
were incorrect, approximately 8,664 vaccinees actually were
from the target area. The overall estimate for the vaccination
coverage for the first 3 days of the campaign would therefore
have been 86% (8,664/10,132).

Cost of Intervention

The cost of the public health response to the outbreak
amounted to approximately $370,000; 65% of this amount was
for the purchase and delivery of vaccine, 20% for personnel
costs to administer it, 6% for personnel cost involved in public
information, 5% for personnel cost for contact investigation
and chemoprophylaxis, and 4% for other expenses (Table 4).
The cost for the vaccination campaign alone totaled approxi-
mately $329,300 (vaccine, personnel for vaccine administra-
tion, and other expenses), resulting in a cost per vaccination of
approximately $24.

Discussion

Even accounting for incorrect addresses in the vaccination
registers, the vaccination coverage in this campaign was high.
Whether the vaccination campaign controlled the outbreak is
difficult to prove. The five cases that occurred after the cam-
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paign had ended indicate that the population was under con-
tinuing exposure to the outbreak strain during the next year.
Nevertheless, this low number of subsequent cases suggests
that the vaccination campaign probably prevented additional
cases that could not have been prevented by chemoprophylaxis
alone (19-28). One of these cases was attributed to vaccine
failure. In other studies, vaccine efficacy has been estimated to
be approximately 85% (4). The size of the unvaccinated popu-
lation and the number of cases were too small to determine the
efficacy of vaccination in this campaign.

The outbreak response was organized within 24 hours after
the ACIP criteria were fulfilled and approximately 2 weeks
after the first case was reported. This response time compares
favorably to that in other vaccination campaigns in response to
community-based meningococcal disease outbreaks (3—
5,10,14,29). Most mass vaccination campaigns designed in
response to community-based outbreaks tend to last more than
several weeks or months, which makes a comparison to our
results difficult (5,10,29). In England, a mass vaccination cam-
paign conducted in two communities lasted approximately 1
week; 8,320 and 7,660 vaccinations were given in each com-
munity, respectively (14). In a meningococcal disease out-
break in Illinois, 125-334 vaccinations were given per hour
with jet injectors; however, details were not described (30).
Compared with similar reports, providing over 13,000 vacci-
nations in 3 days and up to 1,100 vaccinations per hour indi-
cates that the intervention was an operational success
(5,10,30).

We targeted the vaccination campaign at 2- to 22-year-olds
because the vaccine is not effective in children <2 years and
because at the time the decision was made none of the patients
was >18 years old. We extended the upper age limit to 22 years
to include students of the local college since meningococcal
disease outbreaks frequently occur in college settings. While
the community seemed to accept the upper and lower age lim-
its for the target population, it did not comply well with the
geographic restriction. In retrospect, a more targeted approach
might be appropriate. However, enforcing a more focused vac-
cination strategy can be extremely difficult if interventions are
needed immediately and under extreme public pressure and
fear. The proportion of vaccinees from outside the target area

Table 4. Cost of public health intervention to control meningococcal outbreak, Putnam County, Florida, 1998—19992

Estimated working hrs®

Approximate cost (U.S.$) % of total cost of intervention

Expenditure
Purchase and delivery of the vaccine N/A
Personnel costs
Vaccine administration 4,000
Public information 1,200
Contact investigation 1,000
Other N/A
Total 6,200

240,500 65
74,000 20
22,200 6
18,500 5
14,800 4

370,000 100

#NA, not applicable.
bAverage cost per hour of a public health employee was estimated to be $18.50.
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increased each day. Comparison with the school enrollment
database showed that 14% of vaccinees had addresses outside
the target area. While recent address changes may have been a
factor, most of these likely claimed to live in the target area to
be eligible for the vaccine.

Public pressure fueled in part by conflicting information
released by elected officials became so great that by the after-
noon of the 2nd vaccination day restricting vaccination to the
target population was impossible. As a result, on the 3rd day
most people who were vaccinated lived outside the target area.
In an outbreak described by Irwin et al., restricting the cam-
paign to the target population was also difficult (14). Limiting
the intervention to only 3 days probably helped to prevent mis-
targeting of resources, since additional vaccination days would
mainly have increased the number of vaccinees from outside
the target area.

The effectiveness of chemoprophylaxis in outbreak control
has been questioned in previous meningococcal disease out-
breaks in Canada and the United Kingdom (9,10). One prob-
lem with chemoprophylaxis is that it is effective for a limited
period of time. Current recommendations provide guidance for
who should receive chemoprophylaxis, but these guidelines
can be difficult to implement (7,8,18). Various studies have
shown that household contacts are at greater risk of acquiring
meningococcal disease and would benefit most from chemo-
prophylaxis (18,21,22). However, the available evidence does
not always indicate who else should receive chemoprophylaxis
(6,18,21-28). Twenty-five percent of those who received
chemoprophylaxis in this outbreak were not close contacts
according to the ACIP definition (7); however, chemoprophy-
laxis, especially in highly publicized cases, is often given to
people who do not fit the definition of a close contact
(9,18,19).

The automated toll-free information hot line proved to be
an efficient way to respond to the large number of calls from
concerned citizens. Confusion might have been avoided if all
telephone requests had been directed to only one location suf-
ficiently equipped with phone lines and personnel. We did not
brief some of the elected officials early enough to ensure con-
sistent release of information to the public. However, the
major problem was the failure of some community leaders to
support the targeted approach for vaccination. Similar situa-
tions have been described with other vaccination campaigns
(12,13,29). The importance of having a close, ongoing rela-
tionship between public health and other community leaders
cannot be overemphasized. When public health officials have
the trust, confidence, and appreciation of other leaders, com-
municating a unified message is more likely. The circum-
stances of this outbreak were similar to those expected in the
event of a bioterrorist attack, where rapid intervention is
required, and the lessons from this outbreak response will be
used in Florida to plan for such an event.

The public health response to this outbreak involved con-
siderable expense. In addition to the costs to the health depart-
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ment for personnel and material, the contributions of other
state and county agencies, as well as individual volunteers,
were substantial. During a school-based vaccination campaign
against meningococcal disease in Illinois, approximately
$22.50 was spent per vaccination, which is close to our esti-
mate (30). However, during a mass vaccination campaign in
the state of Washington, the cost for vaccine administration
alone was estimated to be $20 per vaccinee, not including the
cost of the vaccine (29). Estimating the cost of future interven-
tions of this type will need to take into account the fact that 50-
dose vaccine vials, such as used in this campaign, are no
longer available in the United States. The difference in cost is
substantial; if we had used 10-dose vials, the cost for the vac-
cine alone would have increased by approximately 80% to
$440,000. This additional cost would have resulted in a cost
per vaccinee of $39.

Our decision to implement a vaccination campaign fol-
lowed ACIP criteria based on epidemiologic and laboratory
information. Keeping the public, elected officials, health-care
providers, neighboring health departments, and the media
informed should be a priority. The vaccination campaign
should be confined to the target population to ensure that high
vaccination coverage is accomplished early among those most
at risk. Based on our experience, providing vaccinations at a
single site and in a short time period to maintain control over
the operation and conserve resources seems preferable.
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Meteorologic

Influences on

Plasmodium falciparum Malaria
in the Highland Tea Estates of
Kericho, Western Kenya

G. Dennis Shanks,* Simon I. Hay, 11 David I. Stern,§ Kimutai Biomndo,1l1
Robert W. Snowti

Recent epidemics of Plasmodium falciparum malaria have been observed in high-altitude areas of East
Africa. Increased malaria incidence in these areas of unstable malaria transmission has been attributed to
a variety of changes including global warming. To determine whether the reemergence of malaria in west-
ern Kenya could be attributed to changes in meteorologic conditions, we tested for trends in a continuous
30-year monthly malaria incidence dataset (1966—1995) obtained from complete hospital registers at a
Kenyan tea plantation. Contemporary monthly meteorologic data (1966—1995) that originated from the tea
estate meteorologic station and from global climatology records were also tested for trends. We found that
total hospital admissions (malaria and nonmalaria) remained unchanged while malaria admissions
increased significantly during the period. We also found that all meteorologic variables showed no trends
for significance, even when combined into a monthly suitability index for malaria transmission. We con-
clude that climate changes have not caused the highland malaria resurgence in western Kenya.

H ighland malaria has returned to the tea estates of western
Kenya after an absence of nearly 30 years (1-3). Alti-
tude and weather influence malaria epidemiology in highland
areas because of the slowing of parasite development within
the anopheline vectors at lower temperatures (4). Increased
malaria incidence in unstable transmission areas has been vari-
ously attributed to changes in land-use patterns (5); population
migration (6,7); changes in mosquito vector populations (8);
breakdown in provision of health services (9), especially
insecticide spraying (10,11); drug resistance (12-16); and
meteorologic changes (17,18), particularly global warming
(19-25).

We investigated whether climate changes could be impli-
cated in the reemergence of malaria in a unique 30-year
malaria and meteorologic time series, collected from the
health-care system on a tea plantation in the western highlands
of Kenya. Our detailed substudy included site-specific meteo-
rologic and malariometric data from a larger analysis of trends
in meteorologic conditions across East Africa from 1911 to
1995 (26-28). Our previous studies have also examined vari-
ous aspects of the epidemiology of malaria in the Kenyan
highlands (29,30).

*U.S. Army Medical Research Unit—Kenya, Nairobi, Kenya; tUniversity
of Oxford, Oxford, U.K.; $Kenya Medical Research Institute/Wellcome
Trust Collaborative Programme, Nairobi, Kenya; §Rensselaer Polytech-
nic Institute, Troy, New York, USA; and {[Brooke Bond Central Hospital,
Kericho, Kenya

1404 Emerging Infectious Diseases

Methods

Study Site and Clinical Data

Long-term malaria illness and total hospital admissions
data (January 1966—December 1995) exist from a large tea
plantation in Kericho, Kenya, which is operated by Brooke
Bond Kenya Ltd. (3,31,32). The plantation, located in the
western Rift Valley highlands, covers an area of approximately
141 km? and ranges from 1,780 to 2,225 m above mean sea
level. Epidemic malaria was first recorded on the Kericho tea
estates during World War II and was eventually controlled by a
combination of mass administration of proguanil and residual
insecticide spraying during the late 1940s (2). Currently, the
Brooke Bond Kenya Ltd. plantation consists of approximately
20 separate tea estates with a total of 50,000 employees and
dependents, who receive their medical care from the company-
operated health systems. The company hospital maintains a
24-hour, 7-day clinical admission service for patients who
need intensive clinical management. Stained blood smears
from patients with suspected malaria are examined; this proce-
dure, in combination with further supportive clinical and labo-
ratory procedures, is used to confirm a primary malaria
diagnosis. Case numbers in Kericho can be treated as inci-
dence figures since the population eligible for health care
remained at approximately 50,000 during the recording period
(32). No centralized preventive chemoprophylaxis, vector con-
trol, or bed-net distribution has been implemented since the
late 1950s. A substantial minority of the tea estate workers

Dr. Biomndo is deceased.
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originate from the holoendemic Lake Victoria area and travel
back and forth intermittently to their home areas; however, this
travel pattern has been occurring since the road was surfaced
in the 1950s and has not changed recently. This study was con-
ducted under a protocol approved by the Kenyan National Eth-
ical Review Committee (SSC 484) and the U.S. Army Office
of the Surgeon General (WRAIR 682).

Meteorologic Data

Two meteorologic datasets were compiled. Point locality
measurements of mean monthly temperature (°C) and monthly
total rainfall (mm) were obtained from the Tea Research Foun-
dation meteorologic station on the Kericho tea estates for the
1966-1995 period. Climate data were also obtained from a
global 0.5 x 0.5° (approximately 55 x 55 km [3,025 kmz] at the
equator) gridded dataset of monthly terrestrial surface climate
for the 1966—1995 period (33,34) (available from: URL: http:/
/www.cru.uea.ac.uk/link). The dataset was used to ensure that
results from the single meteorologic station were in agreement
with data from a wider geographic area; this procedure also
allowed a wider range of climate variables, including tempera-
ture extremes, to be tested. Primary variables of precipitation
(mm), mean temperature (°C), and diurnal temperature range
(°C) were available and interpolated from extensive meteoro-
logic station data by using angular distance-weighted averag-
ing of anomaly fields. The secondary variable of vapor
pressure was also provided, interpolated where available, and
calculated from primary variables, when the coverage of mete-
orologic stations was insufficient. Minimum and maximum
monthly temperature estimates were created by subtracting or
adding, respectively, half the diurnal temperature range from
mean monthly temperature. Time series were derived by using
an extraction routine developed in ENVI (Research Systems
Inc., Boulder, CO) with georeferencing information for Keri-
cho (0.33°S, 35.37°E), obtained from Encarta (Microsoft,
Seattle, WA).

To investigate whether a combination of meteorologic con-
ditions was changing and thus facilitating the resurgence of
malaria, we also categorized months as suitable for Plasmo-
dium falciparum transmission if they had a mean monthly tem-
perature exceeding 15°C (since temperatures experienced by
the indoor resting Anopheles gambiae vectors are likely to be
3°C-5°C higher) and monthly rainfall totals exceeding 152
mm (1,4) by using the gridded climatology data. The numbers
of suitable months for transmission were summed, totaled for
each year, and tested for the 1966—1995 period.

Statistical Analyses
To test for trends in the climate and malaria suitability time
series, we estimated the following regression equation:

)4 12
By, =o+PBtryy+Y &by 1Y Hidi+e(l)
i=l Jj=

where y is the variable of interest; 0, B, y,and ‘s are regres-
sion parameters; & is a normally distributed error term with
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mean zero; and t is a deterministic time trend. The centered
dummy variables d; model the monthly seasonal variations in
climate. The coefficients Y; sum to zero. A is the first differ-
ence operator. The lagged values of the dependent variable
model the serial correlation in the dependent variable. We
chose the number of lags, p, using the adjusted R-square statis-
tic. The maximal number of lags p considered was 24.

If the time series y can be characterized as the sum of a sta-
tionary stochastic process and a linear time trend, then the
appropriate test for the trend is a t test on 3 in (1). If the series
is a random walk, however, or a more complex stochastically
trending process, the critical levels for the distribution of the t
score in this regression are much greater than usual (35), and
alternative tests should be employed. Since many climate time
series contain a stochastically trending component (36), the
nature of the series must be explored before testing for climate
change. This methodology issue complicates the evaluation of
the significance of trends established with standard regression
procedures often used in such studies.

If y=0 (a unit root in the autoregressive process) and 3 =0,
then y is a random walk. The random walk may also have a
deterministic drift term (0#0). In either case, however, the
series is nonstationary, and classical regression inference does
not apply. The nonstandard distributions of a, (3, and y have
been tabulated by Dickey and Fuller (37,38). We first tested
for the presence of a unit root by evaluating the t statistic for y
against its nonstandard distribution. The critical value for this
so-called Augmented Dickey-Fuller at the 5% level is -3.45.
Values of the t statistic for y more negative than this critical
value indicate that the series is not a random walk and vice
versa. If the null hypothesis is rejected, then the t statistics
associated with o and 3 are normally distributed. If the unit
root hypothesis is accepted, then these statistics also have non-
standard distributions. The correct test for a trend is then the t
test on O in (1) with the omission of the linear trend. The test’s
critical value at the 5% significance level is 2.54. The results
of these tests are presented in the Table.

We also regressed temperature and rainfall data from the
meteorologic station at Kericho on the same variables from the
interpolated climatology (33,34) by using a variety of formula-
tions including levels, logarithms, and a regression adjusted
for heteroscedasticity. We then tested whether the slope coeffi-
cients were significantly different from unity, which should
not be the case if the gridded dataset is a good proxy for the
climate at Kericho.

Results

During the period 1966—1995, malaria incidence increased
significantly (p=0.0133) while total (i.e., malarial and other)
admissions to the tea estate hospital showed no significant
change (Table and Figure 1la,b). Measurements of mean
monthly temperature and total monthly rainfall also showed no
significant changes (Table and Figure 1c,d). Similar results
were shown by the climatology data interpolated from a wider
area. Mean, maximum, and minimum monthly temperatures;
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Table. Trend of malaria, climate, and malaria suitability variables, Kericho tea estates, 1966—19952.P

Variable p ADF¢ b t p value® ta Q Sig. Q
Malaria incidence 5 -4.00 0.0238 2.49 0.0133 0.1801 58.7394 0.0097
Total admissions 6 -2.76 -0.0069 -0.28 0.7820 -0.4151 30.9302 0.7083
Tmean met. stat. (°C) 8 -3.41 0.0004 1.76 0.0799 -0.0211 40.8630 0.2653
Rain met. stat. (mm) 1 -11.91 -0.0202 -0.52 0.6066 -0.0074 43.3753 0.1858
Tmean clim. (°C) 1 -7.51 0.0035 1.60 0.1103 -0.0980 46.6888 0.1094
Tmax clim. (°C) 24 -4.66 0.0070 1.68 0.0935 0.0592 22.6634 0.9592
Tmin clim. (°C) 1 -8.36 0.0038 1.55 0.1233 -0.1944 45.1424 0.1412
Precipitation clim. (mm) 1 -11.70 -0.0098 -0.36 0.7205 -0.0745 34.2984 0.5497
Vapor pressure clim. (hPa) 1 -8.37 0.0038 1.66 0.0974 -0.1829 45.5674 0.1318
Garnham suitability (mo)¢ 4 -4.21 -0.0380 -0.89 0.3850 -0.4488 5.6658 0.7729

2Tmean, the mean monthly temperature; Tmax, the mean of maximum monthly temperatures; Tmin, the mean of minimum monthly temperatures; met. stat., meteorologic station data
from the Kericho tea estate; clim., data derived from the global gridded climatology dataset (33,34).
bFigurcs in bold denote significance at the 5% level. p is the number of lagged differenced dependent variables selected.
°ADF, the Augmented Dickey-Fuller t-test for y=0. The 5% critical value is -3.45. Exact p values are not available for ADF and 1a statistics. The distribution of the t statistic for the
slope parameter [ has the standard t distribution under the assumption that y<0. Ta is the t statistic for the intercept term in the autoregression without a linear time trend. This test is
the appropriate one for a trend if y=0. Its 5% critical value is 2.54. The Q statistic is a portmanteau test for general serial correlation and is distributed as chi square (39).

Garnham suitability (1,4) refers to the number of months with a mean monthly temperature exceeding 15°C and monthly rainfall totals exceeding 152 mm (when the gridded clima-
tology data are used). These data are therefore annual data, whereas all other time-series are monthly observations.

precipitation; and vapor pressure all demonstrated no signifi-
cant trends (Table; Figure 2a,b,c). Moreover, the interpolated
climatology data, when transformed into month of malaria
transmission suitability (1,4), again showed no significant
changes (Table; and Figure 2d).

Results were very similar, though significance levels var-
ied, between the three formulations of the regression model
that compared the local meteorologic station data and those
from the interpolated climatology data (33,34). The coefficient
for the regression of the meteorologic station rainfall data on
the interpolated climatology precipitation data is in every case
not significantly different from unity. Significance levels are
10% for the model in levels, 18% for the heteroscedasticity-
adjusted model, and 96% for the logarithmic model. In the
regression of the two temperature series, however, the coeffi-
cient is significantly different from unity in every case, as is a
joint test statistic for the two slope coefficients.

Discussion

The resurgence of P. falciparum malaria in the East Afri-
can highlands (3,8,18,26, 40—44) has led several researchers to
speculate that climate change is a predominant cause (23,45—
50). On the basis of these studies, which have been disputed by
experts in vector-borne disease biology (10,27-29, 51,52), and
some biological modeling, which has been robustly criticized
(53), the International Panel on Climate Change has recently
concluded with “medium-to-high confidence” that there will
be a net increase in the range and incidence of malaria (49);
the results of our work do not support these conclusions.

Malaria incidence increased significantly (p=0.0133) dur-
ing the 1966-1995 period, while total admissions remained
unchanged. Besides an increase in local malaria transmission,
two other factors may have influenced the increase in malaria
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hospitalizations. An increase in malaria severity indicated by
an increased case-fatality rate (from 1.3% in the 1960s to 6%
in the 1990s) is most likely linked to chloroquine resistance,
which we believe to be the probable cause of much of the
overall increase in malaria transmission (32). Travel to and
from the Lake Victoria region by a minority of the tea estate
workers also exerts an upward influence on malaria transmis-
sion in Kericho since such travel increases the numbers of
workers asymptomatically carrying gametocytes, which infect
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Figure 1. Malaria, hospital admissions, and meteorologic station data,
Kericho tea estate, 1966-1995. Malaria incidence (a) total hospital
admissions (b) mean monthly temperature (c) and total monthly rainfall
(d) are all plotted with a 25-point (month) moving average (bold) to
show the overall movement in the data. The significance of these move-
ments is presented in Table.
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Figure 2. Climate and malaria suitability data for the Kericho area from
the global gridded climatology data, including meteorologic and malaria
suitability time series. Minimum (bottom), mean (middle) and maximum
(top) monthly temperature (a) total monthly precipitation (b) and mean
vapor pressure (c) are all plotted with a 25-point (month) moving aver-
age (bold) to show the overall movement in the data. The number of
months per year suitable for malaria transmission (d) are also plotted.
Suitability was determined if rainfall exceeded 152 mm and tempera-
ture exceeded 15°C in any month (1,4). The significance of these
movements is presented in Table.

mosquitoes for further human infection. This complex topic is
the subject of a future publication.

All climate variables, whether from the Kericho tea estate
meteorologic station or the pixel covering Kericho in the glo-
bal climatology dataset showed no significant trends, despite
the fact that equivalence tests showed some significant differ-
ences between the temperature time series—findings that are
in agreement with a broader geographic analysis of East Afri-
can data from 1911 to 1995 (26) and lend support to the appro-
priateness of interpolated climate data for use in these
investigations. We also think that, when examining trends in
meteorologic phenomena, epidemiologists should use more
robust statistical techniques for the reasons outlined in the
methods. The results of this detailed examination of coincident
empirical data do not support the widespread, recent specula-
tion regarding malaria resurgences in response to climate
change. No aspect of climate has changed significantly—nei-
ther the temperature extremes (maximum and minimum) nor
the periods when meteorologic data were transformed into
months when malaria transmission is possible. Further study
has also shown that variability in these meteorologic variables,
independent of any longer term trends, has decreased (54). We
must therefore look elsewhere for the causes of these resur-
gences (27,28,32). These factors are likely to vary. In Kericho,
however, increased chloroquine resistance has been strongly
argued to be the cause, since all other relevant environmental
and sociologic factors are unchanged (32).

The attraction of the global warming hypothesis as an
explanation of highland malaria is the existence of a continen-
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tal trend toward global warming coincident with a trend
toward increasing malaria incidence in several parts of Africa,
ranging from Senegal (13,14) to Madagascar (10). Where such
malaria increases have been examined in detail, however,
alternative explanations such as discontinuation of anti-vector
measures in Madagascar (10) or chloroquine resistance in
Senegal appear to be more likely causes (13,14). Malaria epi-
demiology is greatly influenced by a range of local factors,
making a consistent continent-wide explanation seem unlikely
(28,52).

We do not argue that meteorologic conditions have no
immediate impact on the seasonal dynamics and incidence of
malaria or that climate change is probably not an important
future concern in public health. Rather we urge some caution
in the interpretation of synonymous changes in climate over
wider areas and local changes in malaria incidence.
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Susceptibilities to fourteen antimicrobial agents important in clinical medicine and agriculture were deter-
mined for 752 Escherichia coli isolates of serotypes 026, 0103, 0111, 0128, and O145. Strains of these
serotypes may cause urinary tract and enteric infections in humans and have been implicated in infections
with Shiga toxin—producing E. coli (STEC). Approximately 50% of the 137 isolates from humans were
resistant to ampicillin, sulfamethoxazole, cephalothin, tetracycline, or streptomycin, and approximately
25% were resistant to chloramphenicol, trimethoprim-sulfamethoxazole, or amoxicillin-clavulanic acid.
Approximately 50% of the 534 isolates from food animals were resistant to sulfamethoxazole, tetracycline,
or streptomycin. Of 195 isolates with STEC-related virulence genes, approximately 40% were resistant to
sulfamethoxazole, tetracycline, or streptomycin. Findings from this study suggest antimicrobial resistance
is widespread among E. coli 026, 0103, 0111, 0128, and 0145 inhabiting humans and food animals.

he emergence and dissemination of antimicrobial resis-

tance in bacteria has been well documented as a serious
problem worldwide (1). Selective pressure favoring antimicro-
bial-resistant phenotypes is applied whenever antimicrobials
are used, including treating disease in clinical medicine and
preventing disease and promoting growth in animal husbandry.
As a consequence, antimicrobial-resistant bacteria are selected
for, thereby posing a critical public health threat in that antimi-
crobial treatment efficacy may be reduced.

Escherichia coli are facultative anaerobes in the normal
intestinal flora of humans and animals (2,3); however, patho-
genic strains of these bacteria are an important cause of bacte-
rial infections. In humans, these strains are the foremost cause
of urinary tract infections (4), as well as a major cause of neo-
natal meningitis (5), nosocomial septicemia, and surgical site
infections (6). Infection with Shiga toxin—producing E. coli
(STEC) may also result in complications including thromb-
ocytopenic purpura, severe hemorrhagic colitis, and hemolytic
uremic syndrome (7). While therapeutic options vary depend-
ing on the type of infection, antimicrobials including trimetho-
prim-sulfamethoxazole,  fluoroquinolones, and  third-
generation cephalosporins are generally recommended for
treating infections caused by E. coli other than STEC (6). In
contrast, because these antimicrobials may increase levels of
free Shiga toxin in vivo, thus facilitating disease progression,
the usefulness of antimicrobials in treating STEC infection
remains less clear (6,8).

*University of Maryland, College Park, Maryland, USA; tU.S. Food and
Drug Administration, Laurel, Maryland, USA; and $The Pennsylvania
State University, University Park, Pennsylvania, USA
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Recent reports have suggested the use of tetracyclines,
sulfa drugs, cephalosporins, and penicillins to be a major fac-
tor in the emergence and dissemination of antimicrobial-resis-
tant E. coli (9—14). However, a relative paucity of information
exists regarding antimicrobial resistance in E. coli from non-
hospital sources, especially those from animal sources. In this
study, antimicrobial susceptibility profiles were determined for
E. coli isolates of serotypes 026, 0103, O111, 0128, and
0145. Strains of these serotypes may cause urinary tract and
enteric infections in humans and have been implicated in
infections with STEC (15-19). The isolates were originally
gathered from diverse sources, including food animals, com-
panion animals (i.e. dogs, cats, and rabbits), and humans. Our
primary objective was to characterize the extent of antimicro-
bial resistance in these E. coli serotypes from agricultural and
clinical settings.

Methods

Bacterial Strains

We included 752 E. coli isolates from the collection of The
Pennsylvania State University’s E. coli Reference Center in
the study (Table 1); this center provides characterization of E.
coli isolates submitted from outside sources. Sixty-eight iso-
lates from humans were submitted to the E. coli Reference
Center from 9 U.S. states, 45 from Saudi Arabia, 13 from
Argentina, 4 from Canada, 3 from Mexico, 3 from Zambia,
and 1 from Singapore. Two hundred forty-eight isolates from
cattle were submitted from Michigan, 56 from Iowa, 33 from
Pennsylvania, 65 from 13 other U.S. states, and 2 from Can-
ada. Fifty-one isolates from turkeys were submitted from 13
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Table 1. Source of isolation, genotype, serotype, and year of isolation of Escherichia coli isolates

Genotype Serotype Year
No. Other 1976— 1981 1986— 1991- 1996—
Source isolates STEC? E. coli 026 0103 Ol111 0128 0145 1980 1985 1990 1995 2000
Human 137 37 100 19 23 37 53 5 0 19 4 87 27
Cow 408 140 268 230 65 60 18 35 15 16 37 60 280
Turkey 51 3 48 3 9 38 0 1 0 3 28 2 18
Chicken 49 0 49 14 21 10 3 1 5 5 21 5 13
Pig 26 3 23 9 7 2 7 1 10 6 6 1 3
Nonfood animals 81 12 69 11 43 0 13 14 0 19 30 5 27
Totals 752 195 557 286 168 147 94 57 30 68 126 160 368

2STEC, Shiga toxin—producing E. coli, determined by the presence of stx/ and/or stx2.

U.S. states. Forty-five isolates from chickens were submitted
from 10 U.S. states, 2 from Canada, and 2 from India. Twenty-
two isolates from swine were submitted from 7 U.S. states, 3
from South Korea, and 1 from India. Seventy-four isolates
from nonfood animals were submitted from 20 U.S. states, 5
from Paraguay, and 2 from Hungary. We classified nonfood
animals as those not commonly used in food production,
including rabbits (19 E. coli isolates), hamsters (8 isolates),
deer (7 isolates), horses (7 isolates), dogs (7 isolates), alpacas
(5 isolates), okapi (4 isolates), parrots (4 isolates), sheep (4
isolates), antelope (4 isolates), mice (3 isolates), seagulls (2
isolates), a cat (1 isolate), a goat (1 isolate), a llama (1 isolate),
a marmoset (1 isolate), a mink (1 isolate), a rat (1 isolate), and
a turtle (1 isolate).

Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing of all isolates was done
with broth microdilution using the PASCO MIC/ID system
(Becton, Dickinson and Company, Sparks, MD). Testing was
done according to manufacturer’s instructions and according
to guidelines developed by the National Committee for Clini-
cal Laboratory Standards (NCCLS) (20). Tested antimicrobi-
als, dilution ranges, and resistance breakpoints are listed in
Table 2. Ceftiofur- and cefoxitin-resistant isolates were fur-
ther examined for production of extended-spectrum-3-lacta-
mases (ESBLs) with disk diffusion according to NCCLS
standards (21).

Detection of Virulence Genes

Isolates were grown at 37°C overnight on veal infusion
agar (Becton, Dickinson and Company). A loopful of culture
was resuspended in 200 pL of distilled water, incubated at
99°C for 15 min, and centrifuged at 12,000 x g for 2 min. The
supernatant was used as a template for amplification of Shiga
toxin genes (stx/ and szx2), the intimin gene (eae), and the
enterohemolysin A gene (hlyA) through multiplex polymerase
chain reaction (PCR) (22). Primers described by Witham et al.
(23) and Paton (24) were used for amplification of szx/ and
stx2, respectively; those described by Gannon et al. (25) were
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used for amplification of eae; and those described by Fagan et
al. (26) were used for amplification of #ly4. Each 11-uL PCR
contained 37.5 ng stx1 primers, 15 ng stx2 primers, 15 ng eae
primers, 75 ng hly4A primers, 0.18mM each deoxyribonucle-
otide, 4.0mM MgCl,, 50mM Tris-HCI (pH 8.3), 275 ng bovine
serum albumin, 2% sucrose, 0.1mM Cresol Red (Idaho Tech-

Table 2. Class, dilution range, and resistant breakpoints of tested anti-
microbials?

Dilution range NCCLS resistance

Class or antimicrobial tested (ng/mL) breakpoint (ug/mL)
Cephalosporins

Cefoxitin 1-32 32
Ceftiofur 1-16 gb
Ceftriaxone 0.06-64 64
Cephalothin 1-32 32
Penicillins

Amoxicillin-clavulanic acid 0.25/0.12-32/16 32/16
Ampicillin 0.25-32 32
Sulfonamides and potentiated sulfonamides

Sulfamethoxazole 32-512 512
Trimethoprim-sulfamethoxazole 0.06/1.19-4/76 4/76
Phenicols

Chloramphenicol 1-32 32
Quinolones and fluoroquinolones

Ciprofloxacin 0.004-8 4
Nalidixic acid 2-256 32
Aminoglycosides

Gentamicin 0.25-16 16
Streptomycin 1-256 64
Tetracycline 1-16 16

ANCCLS, National Committee for Clinical Laboratory Standards. Antimicrobial suscep-
tibility testing was performed according to NCCLS standards (20). Escherichia coli
(ATCC 25922 and ATCC 35218), Enterococcus faecalis (ATCC 51299), and Pseudomo-
nas aeurigonosa (ATCC 27853) were used as quality controls.

®NCCLS breakpoint not established for E. coli.
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nology, Inc., Salt Lake City, UT), and 0.4 U Tag DNA poly-
merase (PGC Scientifics Corp., Gaithersburg, MD). Reaction
contents were cycled as described (11) after which products
were electrophoresed in 1% agarose gels at 200 V for 30 min
and visualized under ultraviolet light. E. coli O157:H7 (ATCC
43895) was the positive control for all reactions.

Results

Antimicrobial Resistance Compared to Isolation Source

Of the isolates in this study, the highest frequencies of anti-
microbial-resistant phenotypes were observed for E. coli iso-
lates from humans and turkeys (Figure 1). Fifty-nine percent
of isolates from humans were resistant to sulfamethoxazole,
59% to streptomycin, 56% to ampicillin, 56% to tetracycline,
50% to cephalothin, 38% to trimethoprim-sulfamethoxazole,
34% to chloramphenicol, and 18% to amoxicillin-clavulanic
acid (Figure 1A). Eighty-four percent of isolates from turkeys
were resistant to sulfamethoxazole, followed by 82% to strep-
tomycin, 71% to tetracycline, 49% to ampicillin, 39% to ceph-
alothin, 28% to amoxicillin-clavulanic acid, 24% to
gentamicin, and 20% to nalidixic acid (Figure 1B). Nalidixic
acid-resistant isolates from turkeys were found to have ciprof-
loxacin MICs ranging from 0.12 to >8 pg/mL, whereas each of
the nalidixic acid-susceptible isolates from these animals were
found to have ciprofloxacin MICs of 0.03 pg/mL or less (data
not shown).

RESEARCH

Resistance profiles among isolates from cattle, chicken,
and swine were largely similar to each other (Figure 1). Fifty
percent of isolates from cattle were resistant to streptomycin,
followed by 47% to tetracycline, 46% to sulfamethoxazole,
and 15% to ampicillin (Figure 1C). Seventy-one percent of
isolates from chickens were resistant to streptomycin, fol-
lowed by 63% to tetracycline, 53% to sulfamethoxazole, 20%
to gentamicin, 16% to trimethoprim-sulfamethoxazole, and
12% to ampicillin (Figure 1D). Eighty-one percent of isolates
from swine were resistant to tetracycline, followed by 62% to
streptomycin, 31% to sulfamethoxazole, and 27% to ampicil-
lin (Figure 1E).

Resistance frequencies were lowest for isolates from non-
food animals (Figure 1F); however, 25% were resistant to
streptomycin, 20% to sulfamethoxazole, and 18% to tetracy-
cline. Of these streptomycin-, sulfamethoxazole-, and tetracy-
cline-resistant isolates, 76%, 82%, and 67%, respectively,
were from companion animals.

Of 174 isolates resistant to ampicillin, 73% were resistant
to streptomycin and tetracycline. Of 23 isolates resistant to
cefoxitin, 91% were resistant to amoxicillin-clavulanic acid.
Each of the five ceftiofur-resistant isolates was resistant to
cefoxitin and amoxicillin-clavulanic acid. Based on NCCLS
interpretive criteria for confirmatory ESBL testing (21), none
of the ceftiofur- or cefoxitin-resistant isolates exhibited pheno-
types consistent with ESBL production.

A Human (n = 136)
2
100
§ 15 ] ]
n
u so
25
s ii—m i :
5 4 Hoox o = =
Eo“cef-‘ggﬁi"&'g%“’
Artimicrobial
C Cow (n = 408)
a
100
fnre.
I 0
5 % 1 1 i
g I+ =TT T =7
F X o ¥ X 5 B £ & 05 0 4 oo =
L £ E° 5 252 FE gD
Artimicrobial
E Pig (n = 26)
i
2 oo
8 15
i S0
w25 ]
A ISP ——— I : IE
x # % = g -8 = ar i =
# g8 E g5 g gty d
Ardimicrobial

Turkey (n = 51)

100

E X &
= o
I

Am
Cx
c
Frx
mi
Cf

Yo Resistance U’
kN o=
[~ = )
1
S i

Fur
Te
/s
A
Str

L]

Antimicrobia

o

Chicken (n =49)

io0m
5
50

Y Resistance
L]
oo
L
smx [l
|
=1

Fur

Te
TS
AT

o
@ T 0
1

Antimicrabia

F Hon-food animal (n = 85)
4
oo
G 1s |
W so |
n 25
/1]
; n T T T |-| T T T T |-| T |.:j
o iiogigzepy s
(]

Antimicrobial

Figure 1. Comparison of antimicrobial resistance frequencies for Escherichia coli isolates from different sources. Am, ampicillin; Cx, cefoxitin; C,
chloramphenicol; Frx, ceftriaxone; Smx, sulfamethoxazole; Cf, cephalothin; Gm, gentamicin; NA, nalidixic acid; Cip, ciprofloxacin; Fur, ceftiofur; Te,
tetracycline; T/S, trimethoprim-sulfamethoxazole; A/C, amoxicillin-clavulanic acid; Str, streptomycin.
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Presence of Virulence Genes
and Antimicrobial Resistance in STEC

Based on the presence of stx/ and stx2, 26% of the isolates
were characterized as STEC. Of these, 89% contained stx/
only, 2% contained s#x2 only, and 9% contained both. Eighty-
one percent of STEC possessed eae and hly4, 7% eae only,
and 7% hlyA only. Of isolates that were not characterized as
STEC, 34% possessed eae and hlyA, 2% eae only, and 24%
hlyA only (data not shown).

The highest frequency of STEC was among isolates from
cattle, in which 34% were characterized as STEC, followed by
27% of isolates from humans, 14% of isolates from nonfood
animals, 12% of isolates from swine, and 6% of isolates from
turkeys. None of the isolates from chickens were characterized
as STEC.

Of E. coli isolates from cattle, resistance frequencies were
generally similar between STEC and other E. coli, respec-
tively, with the exception of ampicillin (26% vs. 8%),
chloramphenicol (14% vs. 4%), cephalothin (14% vs. 3%),
and trimethoprim-sulfamethoxazole (11% vs. 2%), in which
resistance frequencies were noticeably higher (Figure 2A). In
contrast, of isolates from humans, resistance frequencies were
generally lower among STEC isolates compared with other E.
coli (Figure 2B). Specifically, resistance frequencies were
lower in STEC compared with other E. coli, respectively, for
ampicillin (14% vs. 71%), chloramphenicol (5% vs. 44%), sul-
famethoxazole (30% vs. 68%), cephalothin (11% vs. 64%),
tetracycline (32% vs. 63%), trimethoprim-sulfamethoxazole
(8% vs. 48%), amoxicillin-clavulanic acid (5% vs. 22%), and
streptomycin (32% vs. 67%).

Discussion

Of the 752 E. coli isolates characterized in this study,
approximately half displayed resistance to one or more antimi-
crobials, including penicillins, sulfonamides, cephalosporins,
tetracyclines, and aminoglycosides. These data are in accord
with multiple previous studies suggesting use of these drugs
has been a key factor in the emergence of antimicrobial-resis-
tant E. coli (10-13,27,28). In addition, several other findings
from this study are noteworthy in terms of their public health
importance.

Approximately 40% of E. coli from humans was resistant
to trimethoprim-sulfamethoxazole. Because this drug combi-
nation is recommended for treating a range of human infec-
tions, including complicated urinary tract infections, acute
uncomplicated cystitis, and pyelonephritis (6), E. coli isolates
should be monitored for further dissemination of trimethop-
rim-sulfamethoxazole resistance. Virtually all trimethoprim-
sulfamethoxazole-resistant isolates from this study, however,
were susceptible to ciprofloxacin and ceftriaxone, both of
which are important antimicrobials for treating infections
caused by trimethoprim-sulfamethoxazole-resistant E. coli.

Ceftiofur is the sole extended-spectrum cephalosporin
approved for use in food animals in the United States, and it is
not approved for use in human clinical medicine (29). The
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Figure 2. Comparison of antimicrobial resistance frequencies between
Shiga toxin-producing Escherichia coli (STEC) and other E. coli. Of iso-
lates from humans, resistance frequencies were generally lower for
STEC compared with other E. coli (A). In contrast, of isolates from cattle,
resistance frequencies were similar between STEC and other E. coli (B).
Am, ampicillin; Cx, cefoxitin; C, chloramphenicol; Frx, ceftriaxone; Smx,
sulfamethoxazole; Cf, cephalothin; Gm, gentamicin; NA, nalidixic acid;
Cip, ciprofloxacin; Fur, ceftiofur; Te, tetracycline; T/S, trimethoprim-sul-
famethoxazole; A/C, amoxicillin-clavulanic acid; Str, streptomycin.

observation, therefore, that two isolates from humans dis-
played resistance to ceftiofur suggests the transfer of resistant
E. coli from food animals to humans (28,30,31). However,
because these two isolates also displayed resistance or
decreased susceptibility to other [B-lactam antimicrobials,
including ampicillin, amoxicillin-clavulanic acid, cephalothin,
cefoxitin, and ceftriaxone, ceftiofur-resistance in these isolates
might have resulted from of B-lactam use in clinical medicine.
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Similarly, the relatively high number of cefoxitin-resistant iso-
lates from turkeys compared to those from other sources may
be attributable to [3-lactam antimicrobial use in turkey produc-
tion. While, based on confirmatory tests, none of the ceftiofur-
or cefoxitin-resistant isolates identified in this study yielded
phenotypes consistent with ESBL production, these isolates
may have produced plasmid-mediated AmpC-like [-lacta-
mases, similar to those described for other E. coli and Salmo-
nella isolated from food animals (28—-30). Consequently, work
is ongoing to further characterize the genetic basis of B-lactam
resistance in these isolates.

The observation that 20% of E. coli isolates from turkeys
were resistant to nalidixic acid (concomitant with increased
MICs for ciprofloxacin) is important considering fluoroquinolo-
nes are used to treat a range of E. coli infections in humans (6).
This finding, similar to those of previous reports (14,32,33),
may be largely attributable to fluoroquinolone use in turkeys.
The impact of fluoroquinolones such as enrofloxacin in turkey
production on the emergence of quinolone- and fluoroqui-
nolone-resistant bacteria should continue to be monitored.

Virtually all E. coli isolates from nonfood animals were
susceptible to each of the antimicrobials tested. Notable excep-
tions, however, were isolates from dogs, cats, and rabbits.
While these data yield preliminary evidence suggesting com-
panion animals may be an important reservoir of antimicro-
bial-resistant E. coli of these serotypes, additional studies are
required to more clearly define the impact of antimicrobial use
in companion animal medicine on the emergence of antimicro-
bial-resistant E. coli.

STEC-associated virulence genes, including stx/, stx2,
eae, and hlyA, were detected primarily in isolates from humans
and cattle. Differences in pathogenicity of STEC for these two
hosts may explain why STEC from humans had a higher fre-
quency of antimicrobial resistance compared to STEC from
cattle. Specifically, because in human clinical medicine anti-
microbials are likely used less often to treat STEC infections
compared with other E. coli infections (6,8), frequencies of
antimicrobial resistance for STEC were generally lower than
those for other E. coli from humans. In contrast to humans,
cattle are asymptomatic carriers of STEC (34); thus the deci-
sion to use antimicrobials in cattle production does not depend
upon whether or not these bacteria are present. Accordingly,
antimicrobial resistance frequencies of STEC and other E. coli
from cattle were largely similar to each other.

The multiple antimicrobial-resistant phenotypes observed
in this study may have resulted from the spread of mobile
genetic elements. For example, the observation that nearly
75% of ampicillin-resistant E. coli isolates were also resistant
to streptomycin and tetracycline suggests resistance genes for
these drugs are linked on plasmids. Moreover, the widespread
resistance to sulfamethoxazole implies the presence of class I
integrons, which are also important in conferring resistance to
multiple antimicrobials (35). Research is continuing to further
characterize sulfamethoxazole-resistant E. coli for the pres-
ence of these mobile genetic elements.

Emerging Infectious Diseases
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Because the isolates from this study were to a large extent
unevenly distributed as to source of isolation versus year of
isolation, analyzing resistance trends over time was not possi-
ble. Likewise, meaningful analysis of antimicrobial resistance
in relation to geographic origin or to serotype was not possi-
ble. Long-term prospective studies examining isolates from
defined geographic locales are required to more precisely
detect temporal and spatial differences in antimicrobial resis-
tance in strains of E. coli.

Emergence and dissemination of antimicrobial resistance
in E. coli strains of serotypes 026, 0103, O111, O128, and
0145 may complicate treatment of certain urinary tract and
enteric infections in humans and animals. Data from this study
did not demonstrate a steadfast link between antimicrobial use
in any particular venue and development of antimicrobial
resistance among these E. coli isolates. The data did, however,
suggest that antimicrobial use in clinical medicine and in agri-
culture was important in the selection of antimicrobial-resis-
tant phenotypes. Continued surveillance of E. coli collected
from agricultural and clinical settings, including the food pro-
duction continuum, is merited to identify emerging antimicro-
bial-resistant phenotypes.
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Genetic Analysis of Viruses
Associated with Emergence of
Rift Valley Fever in Saudi Arabia
and Yemen, 2000-01

Trevor Shoemaker,*} Carla Boulianne,*t Martin J. Vincent,* Linda Pezzanite,*
Mohammed M. Al-Qahtani,} Yagub Al-Mazrou,} Ali S. Khan,* Pierre E. Rollin,*
Robert Swanepoel,§ Thomas G. Ksiazek,* and Stuart T. Nichol*

The first confirmed Rift Valley fever outbreak outside Africa was reported in September 2000, in the Ara-
bian Peninsula. As of February 2001, a total of 884 hospitalized patients were identified in Saudi Arabia,
with 124 deaths. In Yemen, 1,087 cases were estimated to have occurred, with 121 deaths. Laboratory
diagnosis of Rift Valley fever virus (RVFV) infections included virus genetic detection and characterization
of clinical specimens by reverse transcription-polymerase chain reaction, in addition to serologic tests and
virus isolation. Genetic analysis of selected regions of virus S, M, and L RNA genome segments indicated
little genetic variation among the viruses associated with disease. The Saudi Arabia and Yemen viruses
were almost identical to those associated with earlier RVF epidemics in East Africa. Analysis of S, M, and
L RNA genome segment sequence differences showed similar phylogenetic relationships among these
viruses, indicating that genetic reassortment did not play an important role in the emergence of this virus in
the Arabian Peninsula. These results are consistent with the recent introduction of RVFV into the Arabian

Peninsula from East Africa.

R ift Valley fever (RVF) (caused by Rift Valley fever virus
[RVFV], family Bunyaviridae) is an emerging epidemic
disease of humans and livestock, as well as an important
endemic problem in sub-Saharan Africa. The virus is transmit-
ted to livestock and humans by the bite of infected mosquitoes
or exposure to tissues or blood of infected animals. Massive
epizootics are typically observed in livestock during times of
unusually high and sustained rainfall because of the presence
of breeding sites and overabundance of adult competent mos-
quito vectors (1). Infections caused by RVFV are characterized
by severe disease and abortion in livestock, particularly sheep
and cattle. Persons in the epidemic region are at high risk for
RVFV infection, potentially leading to thousands of human
cases. Humans infected with RVFV typically have self-limited
febrile illness, but retinal degeneration (5—10%), hemorrhagic
fever (<1%), or encephalitis (<1%) may also develop (2).

We report the first confirmed outbreak of RVF outside
Africa, in the Kingdoms of Saudi Arabia and Yemen. On Sep-
tember 10, 2000, the Ministry of Health in Saudi Arabia began
to receive reports of unexplained hemorrhagic fever in humans
near the Saudi-Yemeni border, with associated animal deaths
and abortions. Patient samples from the outbreak were sent to
the Centers for Disease Control and Prevention (CDC), where
laboratory analysis confirmed the cases as being caused by
RVFV. Genetic analysis was performed on all three viral RNA

*Centers for Disease Control and Prevention, Atlanta, Georgia, USA;
TEmory University, Atlanta, Georgia, USA; $Ministry of Health, Riyadh,
Saudi Arabia; and §National Institute of Virology, Johannesburg, South
Africa
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segments from human clinical samples, and the sequences were
compared with previously characterized RVFV isolates to
determine their genetic relatedness and geographic distribution.

Materials and Methods

Clinical Specimens

On September 15, 2000, acute-phase sera from four seri-
ously ill, hospitalized patients with unexplained hemorrhagic
fever were received by Special Pathogens Branch, CDC for
diagnostic assessment (Table 1). The shipment also contained
sera from nine close contacts, mainly household members. A
second shipment, which arrived on September 20, 2000, con-
tained acute-phase sera from an additional 15 hospitalized
patients and 12 contacts. Subsequent specimens from Saudi
Arabia and Yemen were submitted for confirmation and more
detailed analysis. All work with potentially infectious material
was performed in a biosafety level 4 maximum containment
facility.

Virus Antigen, IgM, and IgG Detection in Patient Sera
Patient sera were tested for the presence of RVFV or
Crimean-Congo hemorrhagic fever virus (C-CHFV) antigen,
or immunoglobulin (Ig) M or IgG antibodies reactive with
these viruses and Alkhurma virus, a member of the tick-borne
encephalitis (TBE) complex that was recently discovered in
Saudi Arabia (4). RVFV and C-CHFV antigen-capture assays
were performed in an enzyme-linked immunosorbent assay
(ELISA) format essentially as described (5). The RVFV assay
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Table 1. Results of diagnostic testing of initial Saudi Arabian Rift Valley fever outbreak specimens?

ALK C-CHFV RVFV
Patient IDP Category® IgM 1gG Ag IgM 1gG Ag IgM 1gG ISOL PCR
10901 Suspected case-patient - - - - - POS - - POS POS
10902 Suspected case-patient - - - - - POS - - POS POS
10904 Suspected case-patient - - - - - - POS  POS POS POS
10905 Suspected case-patient - - - - - POS - - POS POS
10906 Contact - - - - - - - - - -
10907 Contact - - - - - - - - - -
10908 Contact - - - - - - - - - -
10909 Contact - - - - - - - - - -
10910 Contact - - - - - - - - - -
10911 Contact - - - - - - - - POS POS
10912 Contact - - - - - - POS - - -
10913 Contact - - - - - - - - - -
10914 Contact - - - - - - - - - -
10931 Suspected case-patient - - - - - POS - - POS POS
10933 Suspected case-patient - - - - - - POS  POS - -
10935 Suspected case-patient - - - - - - - - - -
10937 Suspected case-patient - - - - - POS POS - POS POS
10939 Suspected case-patient - - - - - - POS - - -
10941 Suspected case-patient - - - - - - - - - -
10943 Suspected case-patient - - - - - POS - - POS POS
10945 Suspected case-patient - - - - - - POS - POS POS
10947 Suspected case-patient - - - - - POS POS - POS POS
10949 Suspected case-patient - - - - - - POS - POS POS
10951 Suspected case-patient - - - - - POS - - POS POS
10953 Suspected case-patient - - - - - POS - - POS POS
10955 Suspected case-patient - - - - - POS POS - POS -
10957 Suspected case-patient - - - - - POS - - POS POS
10959 Suspected case-patient - - - - - POS - - POS POS
10960 Contact - - - - - - - - - -
10961 Contact - - - - - - - - - -
10962 Contact - - - - - - POS - - -
10963 Contact - - - - - - POS - - -
10964 Contact - - - - - - POS POS - -
10965 Contact - - - - - - - - - -
10966 Contact - - - - - - - - - -
10967 Contact - - - - - - - - - -
10968 Contact - - - - - - - - - -
10969 Contact - - - - - - - - - -
10970 Contact - - - - - - POS - - -
10971 Contact - - - - - - - - - -

2RVFV, Rift Valley fever virus; ALK, Alkhurma virus; Ig, immunoglobulin; C-CHFV, Crimean-Congo hemorrhagic fever virus; ISOL, virus isolation; PCR, polymerase chain reac-

tion; POS, positive results; -, negative results.
Initial specimens were all from persons living in Jizan Province.
“Suspected case-patients were defined as described earlier (3).
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used polyclonal hyperimmune ascitic fluid raised against
RVFV strain Zagazig 501 as the capture antibody and rabbit
hyperimmune serum raised against RVFV Zagazig 501 as the
detector antibody. The C-CHFV assay used a sheep hyperim-
mune serum raised against a South African C-CHFV strain as
the detector antibody, and a mouse hyperimmune ascitic fluid
raised against C-CHFV strain IbAr10200 as the capture anti-
bodies (6). IgM antibody titers were determined by IgM anti-
body—capture ELISA, with RVFV, C-CHFV, or Alkhurma
virus—infected cell slurry prepared as described (5). IgG anti-
body titers were determined by using RVFV, C-CHFV, and
Alkhurma virus—infected cell antigens in an ELISA format
similar as to that described previously (5).

Virus Isolation and RNA Extraction

Viral RNA was obtained directly from patient blood or
serum collected during the outbreak or from virus isolated
from patient serum that was passaged once in Vero E6 cells. A
virus stock was prepared by placing 100 pL of patient serum
(200010901) onto a confluent monolayer of Vero E6 cells in a
T-25 flask. After the virus was allowed to absorb for 1 h at
37°C, 67 mL of Dulbecco, modified Eagle medium supple-
mented with 5% fetal calf serum (FCS) and antibiotics, was
added to the T-25 flask and allowed to incubate at 37°C, 5%
CO,. Cell cultures were checked daily for cytopathic effect
(CPE), and after approximately 75% CPE was observed,
remaining cells were scraped off and combined with the super-
natant. A low-speed centrifugation removed most debris, and
the resulting supernatant was stored at -80°C. Some cells were
retained to perform immunofluorescence (IFA) directed at
RVFYV to check for positive cultures. Two hundred microliters
of passage | cell/supernatant was placed into 1 mL of TriPure
(Roche, Indianapolis, IN) for RNA purification. Saudi Arabia
sample 2003043 and Yemen sample 2001373 were prepared
by placing 200 pL of blood or serum, respectively, directly
into 1 mL of TriPure. RNA was extracted onto glass beads by
using a RNAid kit (Biol01, Carlsbad, CA) according to a
modified protocol (7).

Indirect Inmunofluorescence Assay and RT-PCR

Virus-infected cells were tested for RVFV antigens by
indirect immunofluorescence assay essentially as described
(5), except cells were incubated with anti-RVFV immune
mouse ascitic fluid.

The nucleic acid sequences of the partial S, M, and L seg-
ments of RVFVs were amplified by using a one-step reverse
transcriptase polymerase chain reaction (RT-PCR) (Promega
Access kit, Madison, WI), according to manufacturer’s proto-
col. The primers NSn (5'- TATCATGGATTACTTTCC-3") and
NSc (5'- CCTTAACCTCTAATCAAC-3") were used to
amplify a 661-Nt region (excluding primer sequences) of the
virus S segment region encoding the NSs protein (8). The
primers RVFFORI (5'-GTCTTGCTTGAAAAGGGAAAA-3")
and RVFREVE (5'-CCTGACCCATTAGCATG-3") were used
to amplify a 708-Nt region (excluding primers) of the virus M
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segment region encoding the G2 protein. Primers Wag (5'-
ATTCTTATTCCCGAATAT-3") and Xg (5'-TTGTTTTGC-
CTATCCTAC-3") were used to amplify a 176-Nt (excluding
primers) region of the L segment (9). The primers RVFREVE
together with primer RVFFORA (5'-TGCTACCAGACT-
CATTTGTC-3") were used to amplify the initial diagnostic
fragment of 186 Nt (excluding primers) of the virus M RNA
genome segment region encoding the G2 protein.
Electrophoresis of amplified DNA products was done on a
1.7% agarose gel in Tris-acetate-EDTA buffer. Following stain-
ing with ethidium bromide, specific DNA bands were located
by UV translumination, sliced from the gel, and purified by
using Qiaquick spin columns (Qiagen, Valencia, CA). Dye ter-
minator cycle sequencing reactions were performed by using
ABI PRISM Dye Terminator Cycle Sequencing Ready Reac-
tion Kits with AmpliTaq DNA Polymerase FS (Applied Bio-
systems, Foster City, CA). Reaction products were purified by
using Centri-sep spin columns (Princeton Separations, Adel-
phia, NJ) and sequences determined with an ABI 377 auto-
mated DNA sequencer (Applied Biosystems). Output
chromatograms were analyzed with Sequencher 3.0 software
(Gene Codes Corp., Ann Arbor, MI). RVFV sequences were
aligned with those of previously characterized RVFVs (10) by
using the PILEUP program of the Wisconsin Package Version
10.2 (Genetics Computer Group, Inc., Madison, WI). Maxi-
mum likelihood phylogenetic analysis was carried out by using
PAUP4.0b10 (Sinauer Associates Inc., Sunderland, MA).

Results

Initial RVF Diagnosis

In early September 2000, the Ministry of Health of Saudi
Arabia received reports of unexplained hemorrhagic fever
cases in the southern Tehama (coastal plain) region of south-
western Saudi Arabia. Subsequently, reports were also
obtained by the Yemen Ministry of Health of a similar disease
in the adjoining Tehama region of Western Yemen. Initial
specimens included acute-phase sera from four hospitalized
patients with suspected cases and sera from nine contacts
(mostly family members). Based on the available clinical
information, the differential diagnostic included Rift Valley
fever, Crimean-Congo hemorrhagic fever, and Tick-borne
encephalitis-like viruses. The four serum samples from the
suspected case-patients were tested by antigen-capture ELISA
with RVFV- or C-CHFV-reactive antibodies; IgM-capture
ELISA with RVFV, C-CHFYV, or Alkhurma virus—infected cell
lysate antigens; IgG ELISA with RVFV, C-CHVF, or
Alkhurma virus—infected cell slurry antigen; virus isolation
with Vero E6 cells; and RT-PCR assays for detection of RVFV,
C-CHFV, or TBE-complex virus RNA. Evidence of RVFV
infection was found in all four patients with suspected cases
(Table 1). No evidence of C-CHFV or Alkhurma virus infec-
tion was found. Three of four acute-phase sera were positive
by RVFV antigen-capture ELISA, and the single negative
serum was positive for RVFV IgM and IgG, suggesting a later
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stage of infection in this case. All four sera were positive by
RVFV RT-PCR assay and subsequently yielded infectious
RVFYV by culture on Vero E6 cells.

Of the nine sera from close contacts, two showed evidence
of RVFV infection. One was RT-PCR positive and virus isola-
tion positive, and the other was positive for RVFV IgM anti-
bodies. A second shipment of specimens yielded similar
results, again confirming that RVFV was responsible for the
outbreak in Saudi Arabia. In this second shipment, 13 of 15
hospitalized suspected case-patients had evidence of RVFV
infection. Four contacts of case-patients also showed evidence
of RVFV infection.

The rapid RVFV RT-PCR assay appeared to be a useful
complement to the RVFV antigen and IgM-capture ELISA
tests for diagnosis of acute illness, as it detected virus RNA in
15 of 16 serum samples that were subsequently found to be
RVFYV positive. Overall correlation between the various RVFV
diagnostic assays was good. Nucleotide sequence analysis of
the 186-Nt (excluding primer regions) PCR products amplified
from these initial specimens confirmed the virus identity as
RVFV and showed no nucleotide differences between the
viruses detected in these Saudi Arabian patients. In addition,
no nucleotide differences were detected in this 186-Nt region
relative to viruses detected in an earlier outbreak in East Africa
in 1997 (data not shown) (11).

Detailed Genetic Analysis

RNA extracted from three representative viruses was cho-
sen for more detailed genetic analysis. These included RNA
from RVFV isolate (strain 200010901) obtained from the first
RVFV-infected case-patient to be laboratory confirmed and
representing the early phase of the outbreak in Saudi Arabia.
This isolate was obtained from a serum sample collected on
September 13, 2000, from this case-patient (Table 1), who was
infected in Jizan Province. RNA extracted from a serum sam-
ple collected late in the outbreak in Saudi Arabia was also
included (Table 2). This serum sample was collected on
November 22, 2000, from a case-patient infected in Asir Prov-
ince. The third RNA sample was extracted from a blood sam-
ple obtained from a case-patient in Yemen. With these RNA
samples, we hoped to detect any genetic variation in the
RVFVs active during the early and late phases of the outbreak
in Saudi Arabia and to evaluate whether the same virus strain
was responsible for disease in Saudi Arabia and Yemen.

A single nucleotide difference was observed between each
of the Saudi Arabia and Yemen virus S RNA genome segment
fragments analyzed (601 nt). Similarly, no nucleotide differ-

ences were found between the Saudi Arabia 200010901 and
Yemen 2003043 virus M RNA genome segment fragments we
analyzed (510 nt), and these differed from the Saudi Arabia
2001373 virus fragment by only 1 nt. All three viruses were
identical for the L RNA genome segment fragment we ana-
lyzed (129 nt). These data demonstrate that the viruses in the
early and late stages of the RVF outbreak in Saudi Arabia are
virtually identical to one another and to the virus causing dis-
ease in Yemen.

The results of phylogenetic analysis of the nucleotide
sequence differences among the S, M, and L RNA genome
fragments of the Saudi Arabia and Yemen viruses and previ-
ously described RVFVs are shown (Figure). Earlier maximum
likelihood analyses had separated RVFVs into three broad
groups, which predominantly contained viruses from North
Africa, West Africa, and East/Central Africa (10). All three
RNA segment trees obtained here have the Saudi Arabia and
Yemen viruses grouped with the East/Central Africa viruses.
Specifically, the S, M, and L RNA genome segments of the
Saudi Arabia and Yemen viruses are closely related to those of
viruses previously detected in outbreaks in East Africa, as rep-
resented by the Kenya 1997 and Madagascar 1991 virus iso-
lates (Figure, A, B, and C). The nucleotide changes in the S,
M, and L RNA genome segment fragments observed among
the closely related Saudi Arabia/Yemen viruses and the Kenya
1997 and Madagascar 1991 viruses are synonymous changes,
resulting in no amino acid differences among these viruses.

Discussion

Using a combination of RVFV IgM and antigen-capture
ELISA tests, along with the RT-PCR assay, we quickly identi-
fied RVFV as the cause of a large outbreak in Saudi Arabia
reported in September 2000. The RT-PCR assay proved to be
an excellent complement to the antigen and antibody ELISA
detection systems for the initial rapid diagnosis of RVF. Virus-
specific antibodies were present in three of four specimens that
were positive by both virus isolation and PCR but negative by
antigen capture, suggesting that immune complex formation
(antibody blocking of antigen) may be the basis for the lower
sensitivity of the antigen-capture assay. Although the IgM
assay failed to identify 9 of 17 laboratory-confirmed (by virus
isolation or PCR) acute RVF cases, the assay did detect recent
RVFYV infections in five contacts (mostly close family mem-
bers) and one acute case that would have been missed on the
basis of virus isolation or PCR assay only. The data from this
study and others (12) demonstrate the importance of combin-
ing assays for the detection of virus (antigen capture, RT-PCR,

Table 2. Specimens chosen for more detailed virus genetic analysis, Saudi Arabia and Yemen

No. Collection date Location Specimen type Passage history®
200010901 Sept. 13,2000 Jizan Province, Saudi Arabia Virus isolate P1
2001373 Nov. 22, 2000 Asir Province, Saudi Arabia Serum (human) NA
2003043 Oct. 28,2000 Northwest Yemen Blood (human) NA

4p1, first passage; NA, not applicable.
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Figure. Phylogenetic relationship of the S, M, and L RNA segments of Rift Valley fever viruses. Maximum likelihood analysis of the nucleotide (nt)
sequence differences among a 661-nt region of S RNA segment (Panel A), a 708-nt region of the M RNA segment (Panel B), and a 176-nt region
of the L RNA segment (Panel C) of RVF viruses was performed by using PAUP4.0b10 (Sinauer Associates Inc., Sunderland, MA).

or virus isolation) and the detection of virus-specific IgM to
ensure that no acutely ill RVFV patients are missed.

This RVF outbreak, the first confirmed outside Africa,
illustrates the potential for this disease to spread to other
regions of the world. Virus activity on the Arabian Peninsula
resulted in a considerable amount of disease activity from Sep-
tember 2000 to February 2001 (3,13). In Saudi Arabia, as of
February 2001, 884 seriously ill, hospitalized RVF patients
were identified, with 124 deaths. In Yemen, 1,087 cases were
estimated to have occurred, with 121 deaths (14). The out-
break involved a broad geographic area, including Jizan and
Asir Provinces in southwestern Saudi Arabia and much of the
western coastal plain of Yemen. Because of the magnitude of
this outbreak and the large geographic area it encompassed,
the total number of human RVFV infections remains
unknown. Data from previous outbreaks suggest that the num-
ber of hospitalized RVF patients identified during a large out-
break represents only a small percentage (<1%) of the total
number of infections (2). Our finding of six laboratory-con-
firmed RVFV infections among household contacts is consis-
tent with the view that hospitalized patients represent a small
fraction of the number of infected persons. Based on these and
earlier observations, the number of human infections during
this epidemic must have been considerable. Large numbers of
livestock were also affected, causing substantial losses and
economic impact in the rural areas hardest hit by the disease.
Further impact of the outbreak included trade and travel
restrictions.

Genetic analysis of S, M, and L segments of the viruses
detected in Saudi Arabia and Yemen indicated that essentially
the same virus caused both outbreaks. Few genetic differences
were detected between viruses sampled early and late in the
outbreak or from the distant geographic regions of Jizan and
Asir Provinces in Saudi Arabia and areas of Western Yemen.

Emerging Infectious Diseases

The lack of substantial genetic variation in these viruses,
together with the lack of earlier disease reports, suggests that
RVFV has only recently been introduced onto the Arabian
Peninsula.

Phylogenetic comparison of the nucleotide sequence dif-
ferences between the Arabian Peninsula RVFV S, M, and L
segments and those of previously characterized RVFV isolates
showed a close relationship between the Saudi Arabia/Yemen
RVFVs and those circulating earlier in East Africa, particu-
larly with the viruses responsible for the large RVF outbreak
seen in the region in 1997-98 (11). These results are consistent
with the introduction of RVFV into Saudi Arabia and Yemen
from East Africa. While genetic reassortment has been
observed in RVFVs associated with outbreaks in various geo-
graphic regions of Africa (10), the close phylogenetic relation-
ship of the S, M, and L RNA segments of the 2000-01 Saudi
Arabia and Yemen viruses and the earlier 1997 and 1991
Kenya and Madagascar viruses, respectively, provided no evi-
dence of genetic reassortment among these viruses.

The mechanism of introduction of the virus into the Saudi
Arabia and Yemen remains unknown. However, commercial
trade of livestock is active from East Africa to the Arabian
Peninsula, and disease is known to be endemic in the East
African region. While no hospitalized RVF patients have been
reported in 2002, whether this RVF lineage has become estab-
lished in the Arabian Peninsula remains unclear. Surveillance
of humans, livestock, and vector populations will continue to
address this question.
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Co-feeding Transmission
and Its Contribution to
the Perpetuation of the

Lyme Disease Spirochete

Borrelia afzelii

Dania Richter,* Rainer Allgéower,* and Franz-Rainer Matuschka*

To determine whether direct passage of spirochetes between co-feeding vector ticks contributes to the
likelihood that the Lyme disease spirochete Borrelia afzelii will perpetuate in nature, we compared the
effects of time and space on transmission efficiency between simultaneously feeding ticks. The likelihood
of co-feeding transmission increases with duration of attachment of the infecting tick. Co-feeding transmis-
sion becomes less efficient as distance from the infecting tick increases. Approximately 6 times as many
ticks acquire infection when feeding on infected mice than when co-feeding with infected ticks. Both sub-
adult stages of the wood tick Ixodes ricinus infrequently co-infest mice and voles in nature; on approxi-
mately 1 in 20 small rodents, larvae co-feed with spirochete-infected nymphs. Because only 1 in 100
larvae in nature appear to acquire spirochetal infection when co-feeding with infected nymphs, perpetua-
tion of B. afzelii depends largely on horizontal transmission of such pathogens from previously infected

mice to noninfected larvae.

R isk of Lyme disease generally is associated with the pres-
ence of ticks of the Ixodes ricinus complex and with par-
ticular rodents that support dense spirochetal infections. Lyme
disease spirochetes migrate through the skin of their vertebrate
hosts, where they are imbibed by feeding vector ticks; infec-
tivity increases as the spirochetes multiply and disseminate.
Rodent hosts are most infectious to ticks approximately 2
weeks after they have acquired infection; the hosts then infect
virtually all ticks feeding on them (1,2). These pathogens may
also pass directly from infected to noninfected ticks while the
ticks are feeding simultaneously in close proximity and before
the spirochetes have disseminated throughout the skin of their
hosts (3—5). Thogotovirus, another tick-borne agent, can pass
directly from infectious to noninfected ticks, even in a non-
viremic host (6). This direct tick-to-tick mode of transmission
may be crucial in perpetuating tick-borne encephalitis virus
because ticks could acquire infection when feeding on immune
hosts (7). Even vertebrate hosts without a systemic infection
might, thereby, infect vector ticks (6).

Time and space may limit the efficiency of spirochetal
transmission between co-feeding ticks. Although Lyme dis-
ease spirochetes appear to be cotransmitted efficiently when
noninfected and infected ticks feed simultaneously on the
same ear or other body part of a mouse, no larvae become
infected when attached to the opposite ear or to the animal’s
back (3-5). Only a few noninfected ticks become infected
when permitted to attach at random to an animal that is serving
simultaneously as host to spirochete-infected ticks, even when
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numerous infected ticks have been applied (4,5). A temporal
effect may similarly limit the efficiency of co-feeding trans-
mission because spirochetes are deposited in the skin only
after the infecting tick has been feeding for approximately 2
days (8), and such ticks detach 1 or 2 days later. In the event of
disseminated infection in the tick, transmission would occur
somewhat more rapidly. The combined role of time and dis-
tance in the efficiency of co-feeding transmission, however,
has not been rigorously examined.

Direct passage of spirochetes between co-feeding vector
ticks may contribute to the likelihood that Lyme disease spiro-
chetes will perpetuate in nature. To examine this hypothesis,
we evaluated the effects of interfeeding distance and time
interval between infected and noninfected ticks on the effi-
ciency of co-feeding transmission. In particular, we compared
the effects of time and space on transmission efficiency
between simultaneously feeding ticks. In addition, we deter-
mined the frequency of infection in ticks randomly feeding on
mice that were simultaneously parasitized by an infectious tick
and compared that estimate with the frequency of infection for
ticks feeding on mice that had previously served as host to an
infectious tick. Lastly, we estimated the frequency of larvae
co-feeding with infected nymphal ticks on rodents in disease-
endemic foci of transmission.

Materials and Methods

Outbred hairless mice (Mus musculus, SKH-1 strain), orig-
inally purchased from Charles River Deutschland (Sulzfeld,
Germany), were bred and maintained in the laboratory. 1. rici-
nus ticks were infected by Borrelia afzelii spirochetes.
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Virtually all such nymphal ticks contained spirochetes. The
strain of B. afzelii originated from a naturally infected
nymphal I ricinus tick collected from vegetation in suburban
Berlin (9). We have previously characterized this strain and
maintained it by serial passage through jirds (Meriones
unguiculatus) and ticks. Noninfected laboratory-reared larval
L ricinus were derived from adults in their third generation of
continuous laboratory rearing by using noninfected hosts. To
confirm that such larvae were free of spirochetes, pooled sam-
ples of each batch were routinely analyzed by polymerase
chain reaction (PCR) amplification of a fragment of the 16S
rRNA gene (see below).

In experiments designed to determine how readily spiro-
chetes pass between co-feeding ticks, a single B. afzelii—
infected nymph was permitted to attach between the shoulders
of each mouse. Approximately 100 noninfected larvae were
brushed onto each mouse to attach in close proximity to the
feeding nymph and also at 1 and 2 cm £ 0.2 cm from the site of
nymphal attachment. Any larvae that had attached elsewhere
on the hairless mouse were promptly removed with forceps.
Larval ticks were placed on hosts either at the time of nymphal
attachment or at 24, 48, or 72 hours thereafter. Three mice
were used for each time point. Each infested mouse was kept
individually in a wire-mesh restraining tube suspended over
water until the mouse was free of all ticks. Mice were fed stan-
dard laboratory chow and apple slices; the contents of the
water pan were changed twice a day. When larvae were
engorging rapidly and had become almost replete, generally
approximately 48 hours after attachment, they were carefully
removed with forceps and transferred to separate tubes accord-
ing to their distance from the nymph. The tubes were half-
filled with water-saturated plaster of paris. Engorged larvae
were kept at 20+2°C under a light-dark regimen (16:8) until
they molted. To confirm successful infection in each mouse,
these hosts underwent xenodiagnosis with noninfected larval
ticks at 2 weeks after the infected nymphal ticks had been per-
mitted to feed. After engorged larvae had molted to the
nymphal stage, at least 10 specimens from each group were
examined for the presence of spirochetes by dark-field micros-
copy. If the apparent rate of infection in a group was <10%, the
remaining ticks were analyzed by PCR.

For PCR, the body of a tick was opened, and the contained
mass of soft tissue was dissected out in physiologic saline and
transferred to a tube containing 180 pL lysis buffer (ATL Tis-
sue Lysis Buffer, Qiagen, Hilden, Germany) and 20 uL pro-
teinase K (600 mAU/mg). Midguts were lysed at 56°C
overnight. DNA was extracted by using the QIAamp DNA
Mini Kit (Qiagen), according to the manufacturer’s instruc-
tions, eluted with 50 pL elution buffer, and stored at —20°C
until PCR was performed.

DNA of Lyme disease spirochetes was detected by ampli-
fying a 650-nucleotide segment of the gene encoding the 16S
rRNA. To increase sensitivity for detecting spirochetal DNA
in ticks, we used nested PCR. Aliquots of DNA suspensions (2
puL) were diluted to 50 pL by using 200 pm of each deoxynu-
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cleoside triphosphate, 1.5 mM MgCl,, 0.5 U Taq polymerase
(Qiagen) as well as 15 pmol of the outer primer pair and PCR
buffer supplied with the Taq polymerase. We used the follow-
ing primer sequences of the 16S rRNA gene (10): outer prim-
ers (5'-3") 16S1A — CTAACGCTGGCAGTGCGTCTTAAGC
and 16S1B — AGCGTCAGTCTTGACCCAGAAGTTC (posi-
tions 36-757). The mixture was placed in a thermocycler (PTC
200, MJResearch, Biozym, Germany), heated for 1 min at
94°C, and subjected to 30 cycles, each including a 20-sec
denaturation at 94°C, a 20-sec annealing reaction at 63°C, and
a 40-sec extension at 72°C. A final extension for 2 min at 72°C
was added to the last cycle. After the first amplification with
the outer set of primers, 2 uL of the amplification product was
transferred to a fresh tube containing 48 pL of the reaction
mixture described above, except that 2.5 mM MgCl, and 20
pmol of the inner primer pair: (5-3") 16S2A-AGT-
CAAACGGGATGTAGCAATAC and 16S2B — GGTAT-
TCTTTCTGATATCAACAG (positions 66—720) were used.
This mixture was subjected to 35 amplification cycles by using
the cycle conditions described above, except that the annealing
reaction was performed at 56°C and the extension reaction
lasted 30 sec. DNA was extracted, reaction vials were pre-
pared for amplification, templates were added, and products
underwent electrophoresis in separate rooms. For comparison,
each PCR amplification series included DNA from a labora-
tory-reared nymph that had fed in its larval stage on B. burg-
dorferi s.s.—infected jirds. In each fifth reaction mix, water was
added instead of extracted DNA to serve as a negative control.
PCR products were detected by electrophoresis in a 1.5% aga-
rose gel stained with ethidium bromide.

To determine the frequency of subadult tick stages coin-
festing rodents in nature, we captured small mammals in live
traps (Longworth Scientific Instruments, Abingdon, U.K.)
baited with apple, grain, and cotton. Rodents were captured in
two sites in southwestern Germany (Kappel and Tiibingen)
and one in adjacent France (Petite Camargue Alsacienne) dur-
ing April through October of 1993-1995. Each rodent was
caged over water until all ticks had detached. The contents of
the water pan were inspected twice daily, and ticks were
promptly removed, counted, and identified. Rodents were
released at the point of capture.

To determine the prevalence of Lyme disease spirochetes
in questing nymphal ticks in these sites, such ticks were col-
lected once a month during April through October of 1993—
1995 by means of a flannel flag dragged through brushy vege-
tation. The ticks were confined in screened vials and stored at
10°C£1°C until they were identified as to stage and species
and examined for spirochetes. Field-collected ticks were dis-
sected and their midguts examined for spirochetal infection by
dark-field microscopy.

Results

First, we determined whether the duration of nymphal
attachment before larval attachment affects the likelihood of
spirochetal transmission between co-feeding ticks. Few larvae
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acquired infection unless they had attached some time after the
infecting nymph had attached (Table 1). Some larvae became
infected when they were placed on the host after 2 days; more
larvae became infected when they began to feed on the 3rd day
of nymphal attachment, when the infecting nymph was
becoming replete and had begun to detach. The likelihood of
co-feeding transmission therefore increases with duration of
attachment of the infecting tick.

We then evaluated the effect of interfeeding distance on the
efficiency of co-feeding transmission. About half of the larvae
became infected when they fed virtually in contact with the
infecting nymph and when the nymph had become replete
(Table 1). Fewer than a quarter became infected when feeding
1 cm from the infecting tick and even fewer at 2 cm distance.
These findings suggest that co-feeding transmission becomes
less efficient as distance from the infecting tick increases.

The efficiency of transmission between ticks feeding ran-
domly, but simultaneously, on the same host was compared to
the frequency of infection in ticks feeding on mice that had
been infected 2 weeks earlier. In the simultaneously feeding
ticks, cohorts of noninfected larvae were permitted to attach to
mice 3 days after one spirochete-infected nymph was permit-
ted to attach, and just before it had become replete. Many
fewer simultaneously feeding ticks than sequentially feeding
ticks acquired infection in this experiment (Table 2). Approxi-
mately 6 times as many ticks acquired infection in the course
of feeding on infected mice than when co-feeding with
infected ticks.

The likelihood that larval and nymphal ticks might acquire
spirochetal infection by co-feeding in nature was established
by analyzing the distribution of subadult ticks on rodents cap-
tured in endemic foci of transmission and determining the
prevalence of Lyme disease spirochetes in questing nymphs.
Larvae, but no nymphs, were found on approximately two
thirds of yellow-necked mice (Apodemus flavicollis), wood
mice (4. sylvaticus), and bank voles (Clethrionomys glareolus)
(Table 3). Nymphs and larvae coinfested about a fifth of mice
and even fewer voles. Two thirds of garden dormice (Eliomys
quercinus), however, were coinfested by larvae and by
nymphs. Of the nymphal ticks questing in these sites, approxi-
mately one quarter (26.4%) were infected by Lyme disease
spirochetes. In contrast to the relationship in garden dormice,
both subadult stages of the wood tick infrequently coinfested
mice and voles; in nature, larvae co-feed with spirochete-
infected nymphs only on approximately 1 in 20 small rodents.

Discussion

The experimental demonstration that tick-borne pathogens
could perpetuate in nature in the absence of reservoir hosts that
develop systemic infections (6) transformed a previously cen-
tral epidemiologic concept. Thereby, a reservoir host, used in
the sense of the alternative to the vector host, need not support
the dissemination of the pathogen. Even a virus-immune verte-
brate host permits passage of that virus between simulta-
neously feeding vector ticks (7). The concept applies similarly
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Table 1. Spirochetal infection in larval Ixodes ricinus ticks that fed on
mice during the period of attachment of a single Borrelia afzelii—
infecteg nymph and that fed at specified distances from the infecting
nymph

Duration of nymphal ~ Distance between  Infection in co-feeding larvae

attachment before nymph and larvae

larvae attached (days) (cm) No. examined % infected

0 Nil 68 0
1 83 0
2 51 0

1 Nil 125 1.6
1 74 0
2 124 0

2 Nil 67 29.9
1 87 5.7
2 54 1.9

3 Nil 94 55.3
1 82 25.6
2 160 6.3

%Each feeding sequence was replicated three times.

to Lyme disease spirochetes transmitted by ticks feeding in
close proximity to each other on competent rodent hosts (3—-5)
and on spirochete-incompetent sheep (11). At least in the labo-
ratory, diverse pathogens can pass directly between vector
ticks.

The efficiency of co-feeding transmission may depend on
interfeeding distance. In the case of Thogotovirus, distance
appears to make little difference. The virus readily passes
between ticks that are feeding on guinea pigs as far as 160 mm
apart, and these hosts remain nonviremic (12). Co-feeding
transmission of tick-borne encephalitis virus, in contrast, is
more efficient if ticks feed in close proximity than if separated
by a distance of 1 cm. Langerhans cells appear to aid transmis-
sion (13). The ability of Lyme disease spirochetes to pass
between co-feeding vector ticks is less pronounced. Although
spirochetes readily pass between ticks confined in the same
feeding chamber, none do so when the infected ticks feed on
the back of a mouse while noninfected ticks are feeding on the
mouse’s head (3), when attached to different ears of a jird (5),
or when the distance separating the infected from the nonin-
fected ticks is 3 cm (4). We found that the critical distance
between the co-feeding pair was approximately 1 cm.
Although an occasional tick might become infected by B.

Table 2. Spirochetal infection in larval Ixodes ricinus ticks that fed ran-
domly on bodies of mice beginning at 3 days and 14 days after a sin-
gle Borrelia afzelii-infected nymph had begun to feed

. Infection in larvae
Duration of nymphal attachment

before larvae attached (days) No. examined % infected

3 88
14 82

13.6
85.4
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Table 3. Proportion of captured rodent hosts infested by larval and nymphal Ixodes ricinus ticks, southwestern Germany and Alsace

Hosts

% hosts infested by

Kind* No. None Larvae alone Nymphs alone Larvae and nymphs
Af 215 12.1 65.1 2.3 20.5
As 128 14.1 62.5 0.8 227
Cg 183 25.1 60.1 0.5 14.2
Eq 66 6.1 27.3 L5 65.2

Yellow-necked mice (Apodemus flavicollis [Af]), wood mice (4. sylvaticus [As]), bank voles (Clethrionomys glareolus [Cg]), and garden dormice (Eliomys quercinus [Eq]).

afzelii over a distance of 2 cm, transmission efficiency falls
precipitously as the distance between co-feeding ticks
approaches 1 cm.

Transmission efficiency also has a temporal component. In
contrast to virus particles, which are present in the salivary
glands at the time of attachment (14), North American Lyme
disease spirochetes as well as B. afzelii are injected into the
skin of a vertebrate host only after the infecting tick has been
attached for more than a day (8, unpub. data). Because
nymphal /. ricinus remain attached for approximately 3 days
and larvae 1 day less, the co-feeding window remains open
only briefly. A larva could not ingest spirochetes if it attached
at the same time as did the infected co-feeding nymph. This
scenario conforms well to our observations. Other Ixodes vec-
tor ticks feed approximately 1 day longer than do subadult 7.
ricinus, a pattern that explains why some larvae, described in
other studies, became infected when permitted to attach at the
same time as the infecting nymph (4,5). The relationship
between time and distance is particularly complex because of
the ability of these spirochetes to move rapidly through skin
(15). They disseminate through this matrix only after the
infecting tick has become replete and has detached (1). Indeed,
we found that the efficiency of co-feeding transmission corre-
lates inversely with distance between the feeding pair. In gen-
eral, less than 14% of randomly attached ticks acquire
infection by co-feeding transmission.

The number of co-feeding larval and nymphal ticks
appears to affect the efficiency of transmission of Lyme dis-
ease spirochetes. No spirochetes are transmitted between co-
feeding ticks when natural densities of subadult 1. scapularis
ticks infest the white-footed mouse (Peromyscus leucopus)
(16). In contrast, up to 5% of 200 larvae acquire B. burgdorferi
s.s., when co-feeding with as many as 40 infected nymphal 1.
scapularis ticks on the North American reservoir rodent (16).
In nature, however, this density of subadult ticks on murine
hosts is unlikely (16). Even fewer infected nymphal ticks gen-
erally feed on the European reservoir rodents (17). Although
efficiency of transmission of Lyme disease spirochetes
increases with density of co-feeding ticks, such tick densities
are extremely rare in nature.

A synthetic model has recently been employed to estimate
the overall contribution of co-feeding transmission to the
intrinsic rate of natural increase (R)) of populations of Lyme
disease spirochetes (18). This model is based on major
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assumed parameters that include 1) competence of the vector
and reservoir hosts, combined with duration of infectivity, and
2) proportion of feeding ticks that acquire infection, combined
with the effect of distance between co-feeding ticks. Although
conventional “systemic” transmission would be far more
important than nonsystemic tick-to-tick transmission in the
case of Lyme disease spirochetes, these considerations suggest
that “any host that feeds large numbers of ticks should now be
considered a candidate as an amplifying host”(18). Reservoir-
incompetent vertebrate hosts appear to contribute an important
component to the force of transmission.

We found that 1 cm appears to be the critical distance sep-
arating infectious from susceptible ticks that inhibits transmis-
sion of B. afzelii between simultaneously feeding ticks. If one
assumes that infected reservoir rodents remain infectious
throughout their lives, some 85% of larval Ixodes ticks acquire
infection from rodents when feeding “sequentially,” i.e., on
hosts that had previously been infected by nymphal ticks. In
contrast, less than 14% of larvae do so when they feed “simul-
taneously” with infected nymphs. In nature, about 20% of
small rodents carry both subadult stages (19 and current
study), and spirochetes infect approximately 26% of these
nymphs. By simple multiplication, then, less than 1% of vector
ticks (14 x 20 x 26 = 0.73%) would acquire spirochetal infec-
tion during co-feeding, and even fewer would become infected
by B. afzelii. This calculation corresponds closely to our obser-
vation of spirochetal infection in larval ticks that had attached,
in nature, to hosts that do not support spirochetal infection
(20). The previous theoretical estimate suggests that six times
as many infected vector ticks derive from larvae that fed on
spirochete-infected hosts than would result if they co-fed with
infected ticks on noninfected hosts (18). Our combined experi-
mental and field-derived evidence, however, indicates that the
transmission efficiency between sequentially feeding ticks
exceeds that between co-feeding ticks by a ratio of at least
100:1 (85/0.73=116). Perpetuation of the Lyme disease spiro-
chete B. afzelii, therefore, would depend largely on persistent
dissemination of these pathogens throughout the skin of the
competent vertebrate hosts on which the vector ticks mainly
feed.

Acknowledgments

We thank Claudia Brito, Uwe Dréger, Dagmar Klotz, and Andrea
Schifer for technical assistance.

¢ Vol. 8, No. 12, December 2002



This study was supported by grant Ma 942/10-1 from the Deut-

sche Forschungsgemeinschaft.

Dr. Richter is a research associate at the Charité Medical School,

Humboldt-University of Berlin. Her research interests focus on the
immunologic and molecular interface of the host-vector-pathogen

relationship in the epizootiology of Lyme disease.

References

I.

Shih C-M, Pollack RJ, Telford SR, Spielman A. Delayed dissemination of
Lyme disease spirochetes from the site of deposition in the skin of mice. J
Infect Dis 1992;166:827-31.

. Donahue JG, Piesman J, Spielman A. Reservoir competence of white-

footed mice for Lyme disease spirochetes. Am J Trop Med Hyg
1987;36:92-6.

. Gern L, Rais O. Efficient transmission of Borrelia burgdorferi between

cofeeding Ixodes ricinus ticks (Acari: Ixodidae). J Med Entomol
1996;33:189-92.

. Sato Y, Nakao M. Transmission of the Lyme disease spirochete, Borrelia

garinii, between infected and uninfected Ixodes persulcatus during
cofeeding on mice. J Parasitol 1997;83:547-50.

. Patrican LA. Acquisition of Lyme disease spirochetes by cofeeding

Ixodes scapularis ticks. Am J Trop Med Hyg 1997;57:589-93.

. Jones LD, Davies CR, Steele GM, Nuttall PA. A novel mode of arbovirus

transmission involving a nonviremic host. Science 1987;237:775-7.

. Labuda M, Kozuch O, Zuffova E, Eleckova E, Hails RS, Nuttall PA.

Tick-borne encephalitis virus transmission between ticks cofeeding on
specific immune natural rodent hosts. Virology 1997;235:138-43.

. Piesman J, Mather TN, Sinsky RJ, Spielman A. Duration of tick attach-

ment and Borrelia burgdorferi transmission. J Clin Microbiol

1987;25:557-8.

. Matuschka F-R, Schinkel TW, Spielman A, Richter D. Failure of Ixodes

ticks to inherit Borrelia afzelii infection. Appl Environ Microbiol
1998;64:3089-91.

10.

11.

12.

13.

15.

16.

17.

18.

19.

20.

RESEARCH

Ohlenbusch A. Beitrdge zur Diagnostik und Pathogenese der Lyme-Bor-
reliose und zur Transmission des Erregers Borrelia burgdorferi. Gottin-
gen, Germany: Cuvillier Verlag; 1996.

Ogden NH, Nuttall PA, Randolph SE. Natural Lyme disease cycles main-
tained via sheep by co-feeding ticks. Parasitology 1997;115:591-9.

Jones LD, Nuttall PA. Non-viraemic transmission of Thogoto virus: influ-
ence of time and distance. Trans R Soc Trop Med Hyg 1989;83:712—4.
Labuda M, Austyn JM, Zuffova E, Kozuch O, Fuchsberger N, Lysy J, et
al. Importance of localized skin infection in tick-borne encephalitis virus
transmission. Virology 1996;219:357-66.

. Nuttall PA, Jones LD, Labuda M, Kaufman WR. Adaptations of arbovi-

ruses to ticks. J Med Entomol 1994;31:1-9.

Kimsey RB, Spielman A. Motility of Lyme disease spirochetes in fluids
as viscous as the extracellular matrix. J Infect Dis 1990;162:1205-8.
Piesman J, Happ CM. The efficacy of cofeeding as a means of maintain-
ing Borrelia burgdorferi: a North American model system. J Vector Ecol
2001;26:216-20.

Matuschka F-R, Fischer P, Musgrave K, Richter D, Spielman A. Hosts on
which nymphal Ixodes ricinus most abundantly feed. Am J Trop Med
Hyg 1991;44:100-7.

Randolph SE, Gern L, Nuttall PA. Co-feeding ticks: epidemiological sig-
nificance for tick-borne pathogen transmission. Parasitol Today
1996;12:472-9.

Randolph SE, Miklisova D, Lysy J, Rogers DJ, Labuda M. Incidence
from coincidence: patterns of tick infestations on rodents facilitate trans-
mission of tick-borne encephalitis virus. Parasitology 1999;118:177-86.
Matuschka F-R, Heiler M, Eiffert H, Fischer P, Lotter H, Spielman A.
Diversionary role of hoofed game in the transmission of Lyme disease
spirochetes. Am J Trop Med Hyg 1993;48:693-9.

Address for correspondence: Dania Richter, Abteilung Parasitologie, Institut
fir Pathologie, Charité, Humboldt-Universitit zu Berlin, Malteserstrafe 74-
100, 12249 Berlin, Germany; fax: 49 30 776 2085; e-mail: drichter@charite.de

EMERGING
INFECTIO|

The print journal is available at no charge to public health professionals

Full text free online at
www.cdc.gov/eid

YES, | would like to receive Emerging Infectious Diseases.

Please print your name and business
address in the box and return by fax
to 404-371-5449 or mail to

EID Editor

CDC/NCID/MS D61

1600 Clifton Road, NE

Atlanta, GA 30333

EID

Moving? Please give us your new address (in the box) and print the number of your old mailing

label here

Onlne

www.cdc.gov/eid

Emerging Infectious Diseases ¢ Vol. 8, No. 12, December 2002

1425



RESEARCH

Binary Cumulative
Sums and Moving Averages
in Nosocomial Infection
Cluster Detection’

Samuel M. Brown,* James C. Benneyan,t Daniel A. Theobald, Kenneth Sands,§
Matthew T. Hahn,t Gail A. Potter-Bynoe,{ John M. Stelling,#** Thomas F. O'Brien,#**
and Donald A. Goldmannfq]

Clusters of nosocomial infection often occur undetected, at substantial cost to the medical system and
individual patients. We evaluated binary cumulative sum (CUSUM) and moving average (MA) control
charts for automated detection of nosocomial clusters. We selected two outbreaks with genotyped strains
and used resistance as inputs to the control charts. We identified design parameters for the CUSUM and
MA (window size, k, a, b, py, p¢) that detected both outbreaks, then calculated an associated positive pre-
dictive value (PPV) and time until detection (TUD) for sensitive charts. For CUSUM, optimal performance
(high PPV, low TUD, fully sensitive) was for 0.1 < a <0.25 and 0.2 < 3 <0.25, with pg = 0.05, with a mean
TUD of 20 (range 8-43) isolates. Mean PPV was 96.5% (relaxed criteria) to 82.6% (strict criteria). MAs
had a mean PPV of 88.5% (relaxed criteria) to 46.1% (strict criteria). CUSUM and MA may be useful tech-
nigues for automated surveillance of resistant infections.

N osocomial infections afflict 2 to 5 million patients in the
United States annually and contribute to approximately
88,000 deaths (1,2). These infections are the second most fre-
quent adverse effect of hospitalization (3,4). In most instances
such infections are isolated, though studies have reported that
from 2% (5,6) to 20% (7) to 60% (8) occur in clusters. A min-
imal estimate of the epidemic nosocomial infection burden is
thus 40,000 cases annually (2% of 2,000,000), while a maxi-
mal estimate is conceivably five times that figure or more.
Most hospitals in the United States will have at least one
outbreak per year, and large referral hospitals may have sev-
eral (9). Nosocomial infection clusters can be difficult to diag-
nose and detect (5), which can have serious ramifications (10).
Although options for computerized surveillance are increasing
(11-15), many current methods for outbreak detection are
effective only when substantial time has elapsed from the
actual events. Techniques are often poorly automated (16—18),
and few sophisticated cluster detection techniques have been
employed in nosocomial infection surveillance (19-21).
Cumulative sums (CUSUMs) are statistical tools, based on
a type of sequential hypothesis test, that were originally used
in manufacturing processes to monitor production defect rates
(22-24). Increments are added or decrements are subtracted

*Massachusetts General Hospital, Boston, Massachusetts, USA;
tNortheastern University, Boston, Massachusetts, USA; $Vecna Tech-
nologies, Inc., Hyattsville, Maryland, USA; §Beth Israel Deaconess
Medical Center, Boston, Massachusetts, USA; {Children's Hospital,
Boston, Massachusetts, USA; #WHO Collaborating Center for Antimi-
crobial Resistance Surveillance, Boston, Massachusetts, USA; and
**Brigham and Women's Hospital, Boston, Massachusetts, USA
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from a running total over time, according to measurements of
quality of serial items. The behavior of this cumulative sum is
tracked until one of two conditions is met, with CUSUM val-
ues beyond these thresholds signaling either 1) a statistically
significant change in quality to some prespecified level or 2)
acceptance of the hypothesis of no change. CUSUMs have
been used for several decades in health care settings, including
for tracking operator improvements in performing procedure
(25-27), monitoring fever curves in neutropenic patients (28),
and detecting community Salmonella outbreaks (15). Several
forms exist, including a so-called binary or Bernoulli CUSUM
in which failure is rated as 1 and success as 0, a coefficient is
subtracted, and the resulting values are added to the CUSUM.
This binary form has not to our knowledge been applied to
outbreak detection.

Moving averages (MAs) are in wide use in several fields,
such as economics, where methods sensitive to sudden
changes and filtering out background noise are required. Thus,
for instance, economic indicators may be analyzed, with a MA
calculated for the most recent values and compared with the
historical mean for that indicator. An MA much higher than
the historical mean indicates a statistical increase. MAs also
are used in manufacturing quality control for the same reason
(28). Although various MA techniques have been applied to
disease rates in public health surveillance (29), they have not
previously been applied to monitor changes in strain character-
istics, such as antimicrobial resistance.

"Portions of this research were presented at the 39th Annual Meeting
of the Infectious Diseases Society of America (IDSA), San Francisco,
California, USA, October 25-28, 2001.
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We hypothesized that by treating antimicrobial resistance
as the quality indicator of individual isolates, these techniques
could be used to detect nosocomial clusters. Both techniques
have been demonstrated in the quality control literature to be
more sensitive to small rate changes than conventional p-type
charts (22-24,30). We evaluated the performance of these
techniques in simulated real-time detection of two genotypi-
cally characterized outbreaks of nosocomial infection caused
by antimicrobial-resistant bacteria.

Methods

Outbreaks Investigated

The study hospital is a 330-bed tertiary-care pediatric
facility in the northeastern United States. We selected all
investigated nosocomial outbreaks of antibiotic-resistant bac-
teria in the study hospital for which genotyping data were
available for the period 1995-2000, inclusive. An outbreak
with genotyped organisms from 1997 was excluded because
the causative agent, Pseudomonas aeruginosa, was sensitive
to all standard therapeutic agents. This cluster was thus not a
candidate for detection with our techniques. A line listing of
all patients, with isolates, from both outbreaks is presented in
the Table.

The Institutional Review Board of the study hospital
authorized us to perform this study without obtaining informed
consent. All patient identifiers were either deleted or irrevers-
ibly encrypted to ensure confidentiality.

RESEARCH

Outbreak 1

An outbreak of surgical site infections caused by methicil-
lin-resistant Staphylococcus aureus (MRSA) occurred in
August through September 1999 in patients after cardiac sur-
gery. Approximately 800 such surgeries are performed annu-
ally in the study hospital. Immediately after surgery, patients
are cared for in the cardiovascular intensive care unit (CICU),
which has 23 beds, 1,550 admissions per year, and an average
length of stay of 4.4 days. After they are stabilized, the
patients are transferred to the cardiac surgery ward (28 beds,
>2,300 admissions per year; and average length of stay, 3
days). A single genotype of MRSA was isolated from four
patients with evidence of deep/organ-space surgical infection
after cardiac surgery. One of the genotypically identical iso-
lates (O3-2) was detected by admission screening culture at
another hospital to which the patient had been transferred.
Another isolate (03-7) was detected in a blood culture
obtained at the hospital to which the patient had been trans-
ferred. Two surgical patients without clinical infection were
colonized with isolates of a second genotype. Methicillin
resistance was defined as a MIC of oxacillin of >0.5 mg/ml.
All isolates of Staphylococcus aureus from any body site from
the CICU and cardiac surgical ward were included in the anal-
yses.

Outbreak 2
An outbreak of vancomycin-resistant enterococcus (VRE)
occurred in May through June 2000 involving two units: the

Table. Cluster patients with isolates, dates, and sensitivities?

Patient Culture date Body site PFGE type Resistance phenotypeb

MRSA

0O1-1 1/22/99 wd,bl E cli ERY tcy van SAM FEP OXA sxt CZO AMC amk
01-2 7/10/99 no,ax D CLI ERY TCY van OXA sxt AMK

01-3 7/10/99 sp D CLI ERY TCY van SAM FEP OXA sxt CZO AMC AMK
01-4 8/23/99 wd C CLI ERY TCY van SAM FEP OXA sxt CZO AMC AMK
01-5 9/3/99 wd C CLI ERY TCY van SAM FEP OXA sxt CZO AMC AMK
01-6 9/6/99 wd C CLI ERY TCY van SAM FEP OXA sxt CZO AMC AMK
01-7 9/13/99 bl C CLI ERY TCY van OXA sxt AMK

VRE

02-1 1/20/00 bl non-B VAN amc AMP

02-2 5/12/00 st B VAN amc AMP

02-3 5/14/00 fl B VAN amc AMP

02-4 5/18/00 st B VAN amc AMP

02-5 5/19/00 ti,st B VAN amc AMP TCY chl IPM nit

02-6 5/24/00 st B VAN amc AMP

02-7 6/23/00 fl non-B VAN AMC AMP

®MRSA, methicillin-resistant Staphylococcus aureus; PFGE, pulsed-field gel electrophoresis; O1, outbreak 1; 02, outbreak 2; VRE, vancomycin-resistant enteroccocus; bl, blood; sp,

sputum; st, stool; wd, wound, ti, tissue; ax, axilla; no, nose; fl, fluid.

b Antibiotic codes in capital letters are resistant results; those in lowercase letters are susceptible: AMC, amoxicillin/clavulanate; AMP, ampicillin; AMK, amikacin; CLI, clindamycin;
CZO, cefazolin; ERY, erythromycin; FEP, cefepime; OXA, oxacillin; SAM, ampicillin/sulbactam; SXT, trimethoprim/sulfamethoxazole; TCY, tetracycline; VAN, vancomycin.
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bone marrow transplant unit and the general pediatric inten-
sive care unit PICU. The bone marrow transplant unit is a 13-
bed unit providing hematopoietic stem-cell transplantation. It
has approximately 260 admissions per year, with an average
length of stay of 12.9 days. When patients require ICU care,
they are transferred to specially ventilated rooms in the PICU.
The PICU is an 18-bed multidisciplinary unit, with approxi-
mately 1,650 admissions per year, and an average length of
stay of 3.2 days. In May 2000, a patient colonized with VRE in
the bone marrow transplant unit was transferred to the PICU.
Other cases of VRE colonization or infection were detected in
both the bone marrow transplant unit (4 cases) and the PICU
(3 cases). Isolates of Enteroccocus faecium from five patients
were demonstrated to be genotypically identical. Vancomycin
resistance was defined as a MIC of vancomycin of >16 nug/mL.
All isolates of E.faecium or unspeciated Enterococcus from
any body site on the affected units were included in the analy-
ses. Genotyping was performed by ARUP Laboratories (Salt
Lake City, UT). Genotypic identity was defined according to a
published procedure (31).

Data Acquisition:

Records for all inpatient cultures were downloaded from
the study hospital’s information system for January 1995-Sep-
tember 2000 into WHONET 5.0 (WHO Collaborating Center,
Boston, MA). Species identification had been performed per
standard laboratory procedures. Antibiotic sensitivities had
been performed by measurement MIC with a MicroScan
Walkaway-96 (Dade Behring, Inc., Deerfield, IL). Standard
Kirby-Bauer technique was used when an organism failed to
grow sufficiently to perform MIC analysis. Only final suscep-
tibility readings were included. Susceptibility cutoffs were
defined according to National Committee for Clinical Labora-
tory Standards (32). Indication for culture was specified as
either clinical (C), routine surveillance (R), or outbreak inves-
tigation (O). Clinical cultures were ordered by treating physi-
cians for care of the individual patient. Routine surveillance
cultures included weekly stool screens for VRE and sentinel
event screens. Infection control policy at the study hospital
was to screen a high-risk unit (ICU or bone marrow transplant
unit) if a patient was found to have new MRSA or VRE colo-
nization or infection. Outbreak investigation cultures were
those taken as part of a formal or informal outbreak investiga-
tion. Culture indications were determined from infection con-
trol records.

Data Analysis

Isolates of the same species from a given patient within 60
days of the previous isolate were excluded as duplicate isolates.
All isolates of E. faecium, enterococcus, and S. aureus from the
affected units were parsed by the BugCruncher program (Vecna
Technologies, Hyattsville, MD) in the manner depicted in Fig-
ures 1 and 2. The resistance value (for binary tests 0 = suscepti-
ble or 1 = nonsusceptible; for quantitative tests, the actual MIC)
for each isolate was then passed to CUSUM (binary only) or
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Flgure 1. Data processing methodology for cumulative sums. BMT, bone
marrow transplant unit; ICU, intensive care unit; ENT, enterococcus; VAN
MIC, vancomycin minimum inhibitory concentration; NCCLS, National
Committee for Clinical Laboratory Standards antibiotic susceptibility
breakpoint; CUSUM, cumulative sum; UCL, upper confidence limit.

MA (binary and quantitative) modules, where alerts were gen-
erated on the basis of control limits. Test statistics and control
limits were recalculated with the addition of each new isolate
and processed in chronological order.

Each type of chart is calculated based on several design
parameters (w and k for MA; a, b, py, p; for CUSUM). To
explore performance robustness under various conditions, we
selected a reasonable range of values for the control parame-
ters for CUSUM (0.01 < a < 0.25; 0.01 < 3 <0.25; 0.01 <p,

Microbiology General O:M:;?;?_CSL;U
database query gSit on S;N
{ Eliminate duplicates ‘
For each
isolate

ALEI’\T

‘/_,.." "\___x
Bi |
OXAMIC mlary Quant
;

| Compare to UCL
of all data

| Mean last
wisolates

Figure 2. Data-processing methodology for moving averages. CICU,
cardiac intensive care unit; SAU, S. aureus; SW, surgical wound; OXA
MIC, oxacillin minimum inhibitory concentration; MA, moving average
chart; NCCLS, National Committee for Clinical Laboratory Standards,
antibiotic susceptibility breakpoint; UCL, upper control limit.
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<0.25; 0.01 < py <0.25) and MA (5§ <w <90 and 1 < k <4)
charts. Positive predictive value (PPV) was calculated for
those design parameter values that detected both outbreaks.
Further detail on these statistical methods and the formulae
used for calculating their test statistics and detection thresholds
are presented in the Appendix.

To validate the empirically derived design parameters in
terms of theoretic performance, we then calculated the out-of-
control (an actual change in incidence) and in-control (no
change in incidence) time until detection (TUD) for the sets of
design parameters that detected both outbreaks. We used stan-
dard methods for calculating TUDs, employing a Monte Carlo
simulation program we wrote for that purpose. Simulations
were run over 10,000 iterations.

Two definitions of cluster detection were used: generation
of an alert at the second outbreak isolate (isolate-level detec-
tion) or during the first month of the outbreak (month-level
detection). Positive predictive value (percent of detected
events considered relevant) was calculated in the following
manner (33) all detected events previously unnoted by infec-
tion control personnel were evaluated independently by two
hospital epidemiologists (KS, DG). The epidemiologists clas-
sified each event as A) initiate investigation, B) monitor situa-
tion, or C) ignore. A “C” rating from both epidemiologists or a
“B” from one and a “C” from the other was considered a false-
positive result. True positives were divided into positives by
strict criteria (receiving an “A” rating) and by relaxed criteria
(receiving at least “B” ratings from both epidemiologists).
PPVs were calculated by strict and relaxed criteria separately.

Results

Cluster Descriptions

The dataset contained a total of 6,382 positive cultures of
any organism (from 3,346 different patients) from the units
affected by the outbreak of oxacillin-resistant S. aureus. Of
those, 728 (from 323 patients) were S. aureus. Of the 323
unique isolates of S. aureus in the affected units, 14 (4.3%)
were oxacillin resistant, whereas for the hospital as a whole 84
(4.2%) of 1,983 S. aureus isolates were oxacillin resistant.

The dataset contained a total of 9,012 positive cultures of
any organism (from 4,315 patients) from the units affected by
the outbreak of vancomycin-resistant enterococcus. In the
affected units, 21 (14.1%) of 149 enterococcal isolates were
vancomycin resistant, whereas for the entire hospital 41 (5.3%)
of 768 enterococcal isolates were vancomycin resistant.

For all implicated units, the 15 most common bacterial
species represented 4,948 unique isolates, an average of 18 per
unit per month. Overall 165 different organisms were isolated,
74 of them representing only three or fewer isolates over the
69 months included in the dataset.

CUSUMs
Several CUSUM charts proved capable of detecting both
outbreaks by the second isolate. Figure 3 displays a represen-
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tative CUSUM chart, which detected the VRE outbreak early
in its course. Maximal performance robustness was obtained
when 0.1 < a <2 and 0.2 < 3 <0.25, with py = 0.05. Values of
3 <0.2 were associated with poor performance.

Monte Carlo simulations, run with p; = 0.2 over the sets of
design parameters that performed most robustly, yielded an
out-of-control TUD ranging from 8 to 45 isolates (average
20.4), and an in-control TUD, ranging from 55 to 2,390 iso-
lates (average 427). Both the out-of-control TUD and in-con-
trol TUD decreased with higher values of a; for a = 0.2 or
0.25, the in-control TUD ranged from 55 to 88; whereas at o =
0.1, it ranged from 184 to 306 isolates.

The mean PPV of CUSUM techniques ranged from 96.5%
(relaxed criteria) to 82.6% (strict criteria). Lower values for a
were associated with higher PPV. On average, the sensitive
control charts generated 9.5 novel alerts over the 69 months of
the study period, or 1.6 events per year for all involved units
and organisms (enterococcus, S. aureus).

Moving Averages

For MA control charts, only those which used quantitative
MICs (vancomycin: 2—16 mg/mL; oxacillin: 0.25-4 mg/mL)
were capable of detecting both outbreaks; no binary (suscepti-
ble = 0; nonsusceptible = 1) MA charts detected both out-
breaks. Sensitive window sizes (w, the number of isolates
considered in calculating the MA) varied from 5 to 30 isolates.
Parameter sets with larger window sizes failed to detect both
outbreaks.

Monte Carlo simulations for the design parameters that
detected both outbreaks, assuming a change in MICs of one
standard deviation, yielded an out-of-control TUD ranging from
4 to 10,796 isolates (mean 1,568; median 14), and an in-control

il | - i x = il in Il 1l

3 1999
E o outbreak
s
[ N pre—— -
o e — T e ————e- —
I o L e il
]
g
&

o0 02 a4 as [T} 10 12 T " [ 20 22 24 28 28
Isolate no. (x10°)

Figure 3. Moving average test iteration detecting an outbreak of methi-
cillin-resistant Staphylococcus aureus. Test parameters were w = 10, k
= 4, and included all S. aureus from all body sites from the affected
wards, excluding strains found during outbreak investigations. MIC,
minimum inhibitory concentration
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TUD ranging from 11 to 25,488 (mean 4,006; median 180). For
k < 4, the mean out-of-control TUD was 14, while the mean in-
control TUD was 350 isolates.

Figure 4 displays a representative MA test combination
that detected the MRSA outbreak by the second isolate. The
mean PPV ranged from 88.5% (relaxed criteria) to 46.1%
(strict criteria). On average, sensitive MA charts generated
10.9 novel alerts over the entire study period, or 1.9 per year
for all units and organisms studied.

Discussion

We illustrated the performance of a system designed for
real-time monitoring of clinical microbiology data from the
hospital laboratory information system. Two techniques bor-
rowed from other domains were capable of detecting two care-
fully characterized outbreaks in simulated real time. The
binary CUSUM proved more robust than MAs.

Many metrics for outbreak detection are based on month of
outbreak (11,14,15,17,18,34), whereas in nosocomial out-
breaks greater attention to individual cases is probably war-
ranted given the smaller numbers of patients involved, the
possibility of early definitive intervention, and the comorbidi-
ties of infected patients. The techniques used in this study
proved capable of detecting an outbreak before the end of a
monthly surveillance period.

The reproducibility of these findings is of key importance.
We used an a priori reasonable set of possible design parame-
ter values, then combined empirical evaluation of their perfor-
mance with theoretical evaluation via Monte Carlo
simulations.

We used only two outbreaks for evaluation, given the diffi-
culty of generating and validating such datasets. A study that
investigates larger numbers of similar outbreaks would
improve generalizability. The theoretical simulations tend to
support the generalizability of the test statistics used, as the
empirically robust design parameters were associated with low
out-of-control and high in-control TUD values.

The techniques appear most useful when the baseline inci-
dence is relatively low, and it is unclear whether these methods
would be applicable in settings where antibiotic-resistant bac-
teria are more common, as the study hospital had relatively
low rates of MRSA and VRE.

The surveillance methods evaluated here are primarily use-
ful for detecting outbreaks caused by resistant organisms. In
their current implementation, they would not be useful for set-
tings where outbreaks are caused by organisms whose antibi-
otic susceptibilities are indistinguishable from those of
endemic flora, as in the cluster of Pseudomonas excluded from
the present study. Additional research would be required to
make these methods applicable in those settings.

From a practical perspective, the CUSUM charts detected
the outbreaks by the second isolate, a finding corroborated by
results of the Monte Carlo simulations. An increased incidence
from .05 to .20 would be detected on average within 1.5 actual
outbreak isolates for an out-of-control TUD of 10 (best-per-
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Figure 4. Cumulative sum test iteration detecting an outbreak of vanco-
mycin-resistant enterococcus. Test parameters were py = 0.05, p; =
0.15,a=0.15, b = 0.2, and included enterococcal isolates from all body
sites from the affected wards, excluding strains found during outbreak
investigation.

forming CUSUM), or at the third outbreak isolate for an out-
of-control TUD of 20 (mean CUSUM performance). These
results, supported empirically and theoretically, are consistent
with the goals of nosocomial outbreak detection.

In terms of resources potentially wasted on false-positive
results, the CUSUM charts that detected both outbreaks were
remarkably accurate, with an average PPV of >80%, even by
strict criteria, whereas the MIC MA parameter sets had lower
PPVs. According to our calculated PPV for CUSUM, only 1 in
20 alerts would be deemed retrospectively as unworthy of any
further evaluation, while 1 in 5 would not be deemed worthy
of actual investigation. Assuming an annual rate of 1 alert per
organism and unit, 4 units under surveillance, and 15 organ-
isms under surveillance, 60 alerts would be generated annu-
ally, of which 12 would not be deemed worthy of attention,
approximately one false alarm per month. Slightly more than
twice as many would be considered spurious in retrospect on
the basis of the MA results.

Using the in-control TUD values to estimate the frequency
of spurious results yields a better estimate. With 18 isolates of
the 15 most commonly isolated bacteria per unit per month, 4
units under surveillance, we would anticipate 72 isolates per
month. The mean in-control TUD value for CUSUM charts is
427, suggesting a false-positive alert once every 5 months,
though false-positive alerts are associated with a higher out-of-
control TUD. Taking the chart with the lowest out-of-control
TUD, the in-control TUD is 55, suggesting a false-positive
result slightly more than once per month, similar to our
observed rate.

Strengths of this study include the availability of genotyp-
ing data for outbreak characterization and the availability of
quantitative MICs, the use of practical outcome measures, and
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combination of empirical and theoretical methods for evaluat-
ing test statistics.

An additional problem in validating detection techniques is
the lack of a gold standard for determining the relevance of a
computer-detected cluster. We chose a practical approach,
given the ultimate clinical application of such a system. We
may have overestimated the positive predictive value,
although we evaluated by both strict and relaxed criteria. At
the time of evaluation, reviewers were unaware of events that
followed, decreasing the probability of outcome-based bias. A
prospective trial of these techniques, with collection of geno-
typing information, should help to resolve this problem.

Areas for additional research include methods for analyz-
ing duplicate isolates from a single patient, more sophisticated
techniques for modeling patient location, accounting robustly
for changes in sampling intensity, methods for using quantita-
tive CUSUMs, and the potential need for corrections for inter-
dependence.

CUSUM and MA analyses of antimicrobial resistance
proved capable of detecting two important nosocomial out-
breaks early in their course in simulated real time. Both meth-
ods had relatively high positive predictive values; CUSUM
performed better than MA. These analytical techniques may be
of value in automated detection of nosocomial outbreaks and
should be evaluated in real-time clinical practice.
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Appendix: Calculating Test Statistics

Binary cumulative sum charts, based on the theory of sequential
probability ratio tests, monitor a cumulative term that is incremented
or decremented by certain amounts for each positive or negative
result, respectively, in order to sequentially test between user-speci-
fied acceptable and unacceptable rates (35,36) (Equation 1). In our
application, the CUSUM statistic S; is reduced at the time of each iso-
late by an amount D, a calculated value that depends on the shift we
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wish to detect, and then increased by 1 for those isolates that are anti-

biotic resistant. The plotted statistic for the ith isolate, S;, and the con-
trol limit factors &, and /4, are calculated as

¢ _ [SamD.ifx =0

i s, +1-D, ifX, =1

} = i—l+)(i'Da(1)

hy = ,and (2)
Inl ﬂ[}_,ﬂoj
Py 1-p;
o)
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h] =

B U €))
m(m 5@0}
Py 1-p

where X; = 1 if the ith isolate is resistant and 0 if it is not, the decre-
ment D is computed as

ln[l_pl)]
1-p, 4
ln[l‘Po o Py j

Po 1-p

D =

a is the desired type I error rate, 3 is the desired type II error rate, p
is the acceptable occurrence rate, p; is the unacceptable occurrence
rate that is desired to be detected, and S, = 0 as a starting value.

The cumulative sum then is compared to nonconstant control lim-
its that periodically are recalculated by subtracting /4, from and add-
ing A, to any S; value that falls outside either limit, resulting in new
limits until the next such violation and starting with lower control
limit (LCL) = S - hy = hy and upper control limit (UCL) = S, + h; =
h; . Values above the UCL indicate an outbreak, i.e., rejection of the
hypothesis of pg in favor of the hypothesis of p;, although contrary to
traditional control charts values beneath the LCL here do not indicate
a rate decrease but rather acceptance of p over p;.

For the moving average (MA) charts, the moving average for the
ith isolate with a “window” of size w (varied in different test condi-

tions), Y,,;, is calculated as
X
X +X 4.+ X z ]
- i-w =i-w+ .
i i-1 i—wHl _ JFI7M , fori>w
YW,[ = w ; w (4)

X

X +X +..+X _%1 J

i i-1 L_J : , fori <w

1 1
This result then is compared to estimated upper (UCL) and lower -
sigma control limits for the ith isolate, LCL; and UCL;, with the stan-
dard deviation of the ith moving average, Y ;, estimated by using the
conventional moving range (MR) control chart method for individual
data that occur over time,

i

X X |,

MR =it

i-1

& -
;= x _ MR /1128 (g
" JminG,w)  y/min(, w)
. —  MRi/1.128
UCL, =i, +k6,, = X, +k

Jmin(i,w) »and (7)
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MR, /1.128

— ,(8
A/ min(i, w) » &)

all for i >2, where i is the current total number of data points, X; is the
ith data value, w is the size of the moving average, and X; is the aver-
age of all data up to and including the ith data value. An MA value
that exceeds its corresponding UCL will trigger an outbreak alert.

LCL, = f1,—ké,, =X, —k
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Using Automated Health
Plan Data to Assess Infection
Risk from Coronary Artery
Bypass Surgery

Richard Platt,*t1 Ken Kleinman,*} Kristin Thompson,*t Rachel S. Dokholyan,*} James
M. Livingston,*f Andrew Bergman,*§ John H. Mason,*# Teresa C. Horan,** Robert P.
Gaynes,** Steven L. Solomon,** and Kenneth E. Sands*{t

We determined if infection indicators were sufficiently consistent across health plans to allow comparison
of hospitals’ risks of infection after coronary artery bypass surgery. Three managed care organizations
accounted for 90% of managed care in eastern Massachusetts, from October 1996 through March 1999.
We searched their automated inpatient and outpatient claims and outpatient pharmacy dispensing files for
indicator codes suggestive of postoperative surgical site infection. We reviewed full text medical records of
patients with indicator codes to confirm infection status. We compared the hospital-specific proportions of
cases with an indicator code, adjusting for health plan, age, sex, and chronic disease score. A total of 536
(27%) of 1,953 patients had infection indicators. Infection was confirmed in 79 (53%) of 149 reviewed
records with adequate documentation. The proportion of patients with an indicator of infection varied sig-
nificantly (p<0.001) between hospitals (19% to 36%) and health plans (22% to 33%). The difference
between hospitals persisted after adjustment for health plan and patients’ age and sex. Similar relation-
ships were observed when postoperative antibiotic information was ignored. Automated claims and phar-
macy data from different health plans can be used together to allow inexpensive, routine monitoring of
indicators of postoperative infection, with the goal of identifying institutions that can be further evaluated to

determine if risks for infection can be reduced.

B ecause postoperative surgical site infections are common
complications of medical care, reducing their occurrence
is a component of current efforts to improve patient safety. To
guide these efforts and to measure their success, hospitals
maintain resource-intensive programs to identify these infec-
tions (1-4). However, hospital-based programs detect only a
minority of these infections. A principal contributor to the
poor detection rates of hospital-based systems is the fact that a
large majority of infections manifest after the patient leaves
the hospital (5-13). Additionally, the substantial resources
required to conduct prospective case detection requires some
hospitals to monitor specific types of procedures only periodi-
cally, which means that hospitals may fail to detect problems
that occur while they focus on other procedure types. Finally,
variability in application of surveillance criteria has made
comparing postoperative infection rates between hospitals dif-
ficult (4,14-16).

*Centers for Disease Control and Prevention Eastern Massachusetts
Prevention Epicenter, Boston, Massachusetts, USA; tHarvard Medical
School and Harvard Pilgrim Health Care, Boston, Massachusetts, USA;
}Brigham and Women’s Hospital, Harvard Medical School, Boston,
Massachusetts, USA; §Tufts Health Plan, Boston, Massachusetts,
USA,; #Blue Cross Blue Shield of Massachusetts, Boston, Massachu-
setts, USA; **Centers for Disease Control and Prevention, Atlanta,
Georgia, USA; and ttBeth Israel Deaconess Medical Center, Boston,
Massachusetts, USA
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We have described the use of diagnoses and procedures
listed on automated billing data and of antibiotic prescriptions
identified through automated pharmacy dispensing data to
identify patients who are likely to have experienced postopera-
tive surgical site infection both before or after discharge from
the hospital (5,17,18). Overall, insurers’ billing and pharmacy
data identified substantially more patients with infection than
did hospital-based surveillance in these studies.

These findings suggest that health plans’ and insurers’ rou-
tinely collected billing data might be used to supplement hos-
pital-based programs. More importantly, this information
might be used to compare different hospitals’ results. How-
ever, the comparability of data from different health plans for
this purpose has not been assessed. Nor has any attempt been
made to combine information from different health plans;
information from several health plans is often necessary
because the number of procedures for persons in one health
plan is usually too small to allow acceptably precise estimates
of risk. Health plans differ in type, detail, quality, and com-
pleteness of the information they collect and maintain. For
example, health plans vary widely in their prescription drug
coverage and, therefore, in the amount of information they
possess about their members’ antibiotic exposure.

We assessed the usefulness of using data from several large
health plans to detect patients who may have had an infection
after coronary artery bypass grafting; we wanted to know if
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this information could be used to compare the experience of
different hospitals. Additionally, we assessed the contribution
of pharmacy data to these comparisons to determine the poten-
tial for using data from persons without pharmacy benefits.

Methods

Study Population

We studied patients who had coronary artery bypass graft
(CABGQ) surgery from January 1996 through March 1999 and
who received health-care coverage from Harvard Pilgrim
Health Care, Tufts Health Plan, or Blue Cross Blue Shield of
Massachusetts. Harvard Pilgrim and Tufts Health Plan (includ-
ing Secure Horizons, Tufts Health Plan for Seniors, a Medi-
care + Choice managed care plan) are HMOs. Blue Cross
included HMO and indemnity plans. Together, these organiza-
tions accounted for approximately 90% of managed care in
eastern Massachusetts during that time. We focused princi-
pally on procedures performed in four hospitals, which were
members of the Eastern Massachusetts Prevention Epicenter,
and which performed CABG. These institutions performed a
majority of the CABG procedures in the region. CABG proce-
dures at Harvard Pilgrim through June 1997 were described in
a separate report, and so are omitted here. Patients were
excluded who had a second CABG procedure within 30 days
of a previous procedure.

Although we wanted to restrict the population to persons
with prescription drug coverage, some of the HMOs could not
provide coverage status at the time of surgery. Therefore, we
excluded from our main analysis any persons for whom the
HMO had no claims for any prescription drugs for 180 days
before the date of surgery. Among patients for whom phar-
macy benefit status was provided, pharmacy dispensing (at
least one prescription) 180 days before surgery correlated with
having benefits; 97% of those with some dispensing had a
drug benefit compared to 19% with no drug benefit.

Data Sources

Automated Data

At the time of the study, Tufts Health Plan maintained two
administrative claims systems: one for its commercial plan and
another for a Medicare plan. Harvard Pilgrim maintained three
legacy systems: one derived from a staff model HMO, one
from its network and group division, and one from an IPA sys-
tem. In total, six claims systems were used. HMO staff
searched these six claims systems for hospital claims with
ICD9 procedure codes 36.10-36.16, 36.19, or CPT codes
33510-14, 33516-19, 33521-23, 33533-36 in physician bill-
ing records. For convenience, we refer to each of these claims
systems as a separate plan (i.e., plan 1 through plan 6). These
separate divisions had generally similar benefits (e.g., cover-
ing ambulatory services and prescription drugs except for a
copayment required of the patient). However, one of the plans
changed its coverage during the study period, including a
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capped pharmacy benefit for every 3-month period and a
period of no pharmacy coverage.

For all patients with a procedure code of interest, each
health plan provided the patient’s age and sex. The health
plans also provided inpatient and outpatient claims from the
index hospitalization through 30 days after the date of the sur-
gical procedure. For each claim, they provided an encrypted
patient identifier, a date of service, a service location (inpa-
tient, skilled nursing facility, emergency room, or outpatient),
and all diagnosis and procedure codes. For each prescription,
they provided the same patient identifier, the date of dispens-
ing, and a drug identifier (all provided National Drug Code
and generic names). Some HMOs provided data for all CABG
procedures. Others provided data only for patients whose
CABG procedure was performed at an Epicenter hospital.
However, in those cases they provided follow-up data from
any hospital. We tested the completeness of the claims files in
several ways (e.g., we assessed the number of days per patient
on which ambulatory services were provided and the number
of diagnoses listed on such days). We excluded health plans
from our main analyses if their data appeared to be incom-
plete. The specific reasons for exclusion are described.

For each patient, we identified all claims with any codes
suggestive of surgical site infection (Appendix 1). We refer to
the codes in Appendix 1 as indicators of infection. These
codes included inpatient diagnoses of infection, ambulatory
diagnoses of infection, procedure codes suggestive of infec-
tion, and antibiotics dispensed in the ambulatory setting. This
list is a more general set of codes previously identified as
being important (17,18); we added closely related codes that
had not appeared in our earlier datasets. We also assigned an
estimated probability that infection had occurred by using a
previously described algorithm developed in a dataset that
included a broad range of surgical procedures, including coro-
nary artery bypass (17,18, Appendix 2). Because the algorithm
assigns a higher baseline probability of infection to patients
undergoing cardiac surgery than those undergoing other proce-
dures, 536 (97%) of 550 patients with any of the indicators in
Appendix 1 had an estimated probability of infection exceed-
ing 9.5%. Although we sought to confirm the infection status
of the 536 with probabilities exceeding 9.5%, we refer to them
as patients with any indicator, since this has a functionally
equivalent meaning for patients undergoing CABG. Identify-
ing patients with any indicator is much simpler than identify-
ing patients who exceed a threshold predicted probability of
infection.

Medical Record Information

We attempted to obtain the medical records of patients
who had claims with an indicator of infection. Because most
patients received care from a variety of providers in different
facilities, we requested the record of the first provider or facil-
ity that submitted a claim with an indicator of infection. In
many cases, identifying an institution to request records from
was not possible. In these cases, we requested the record from
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the patient’s primary care physician. For logistical reasons,
reviewing records of patients belonging to one of the health
plans was not possible.

Patients’ records with an indicator code were reviewed by
trained abstractors for evidence of postoperative surgical site
infections, by using the criteria from the Centers for Disease
Control and Prevention’s National Nosocomial Infection Sur-
veillance System (CDC NNIS) (19). The reviewers also noted
if the information in the medical record was adequate to judge
the presence of infection. Typical reasons that records were
judged inadequate included inappropriate date range of the
records provided or lack of indication that the patient had
received postoperative care from the provider. An infectious
disease specialist reviewed records with evidence of abnormal
wound healing and classified the outcome as confirmed infec-
tion, abnormal wound that met some criteria for infection, or
no evidence of infection.

Chronic Disease Score

We computed a chronic disease score (the Clark TC score)
(20,21) for each patient, for use as a comorbidity adjuster.
Components of the chronic disease score include the patient’s
age, sex, and prescription medications during the previous 6
months. Points are assigned for 29 diseases or disease catego-
ries (i.e., diabetes, if the patient has any dispensing of a drug
typically used to treat the disease). The chronic disease score
has been shown to predict hospitalization and also to correlate
with the risk for postoperative surgical site infection in a gen-
eral surgery population (22,23).

Data Analysis

Simple comparisons of categorical data were performed by
chi-square testing. Continuous variables were often not nor-
mally distributed and were compared by nonparametric tests,
either the Wilcoxon if two groups were being compared or the
Kruskal-Wallis test for more than two. The strength of correla-
tion between continuous variables was assessed with the
Spearman correlation coefficient. Logistic regression was used
to investigate a central question in the current investigation
(i.e., if enough consistency existed between plans to allow
comparisons between hospitals). This question was assessed
by using a hospital-by-plan interaction term in the model. The
model also assessed and controlled for the relative contribu-
tion of health plan, hospital, age, sex, and chronic disease
score to the probability of individual patients having a claim
suggestive of infection.

Results

These health plans provided data for 3,014 CABG proce-
dures performed from January 1996 through March 1999. A
total of 858 patients had no claims for prescription drugs for
180 days before surgery, 46 had claims in two different claims
systems, 39 had an uncertain procedure type, and 7 had a sec-
ond CABG within 30 days. In addition, one of the plans was
unable to provide claims for postoperative ambulatory care for
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99% of its patients; claims from this plan were determined to
be unusable because they were incomplete. All 252 persons
represented by this claim system were excluded. We excluded
the 1,061 patients with at least one of these criteria from our
main analyses (some patients met more than one exclusion cri-
terion). The total number of included procedures was 1,953,
representing 65% of all procedures. The median age was 61
years, 78% were men, a median of 15 prescriptions were filled
6 months before surgery, and the median chronic disease score
was 2,283 (Table 1). Postoperatively, a median of five pre-
scriptions were filled in 30 days after surgery. Substantial dif-
ferences existed between the health plans in members’ age,
sex, chronic disease score, and number of prescriptions before
surgery. In the 30 days after surgery, substantial differences
existed in the number of prescriptions (all drugs) and number
of days that patients received ambulatory care.

Overall, based on claims data alone, at least one indicator
code for surgical site infection was found in 536 (27%) of
1,953 patients, with a range of 22% to 33% in the different
health plans (Table 2). In patients with at least one such indica-
tor code, the estimated probability that infection had occurred,
based on our algorithm, was tightly clustered in two ranges:
one was approximately 10% and the other approximately 70%.
The distribution of estimated probabilities for all patients
together and separately by health plan is shown in Figure 1.
The overall pattern was similar across the health plans,
although the distribution of probabilities was significantly dif-
ferent among them (p<0.01, Kruskal-Wallis). The specific
types of indicators that contributed to patients being classified
as high risk and the locations in which they occurred are
shown in Table 1. Forty-nine (3%) patients had an infection
indicator code during initial hospitalizations. In the 30 days
after surgery, 77 (4%) persons had an indicator during a sec-
ond hospitalization; 48 (62%) of second hospitalization
occurred at the same institution in which surgery had been per-
formed. Forty-three (2%) patients had an infection indicator
during an emergency room visit, 280 (14%) had an indicator
during an ambulatory-care visit, and 291 (15%) were dis-
pensed an antistaphylococcal antibiotic (Table 1). Statistically
significant differences occurred across health plans in the per-
centages of patients who had indicator diagnoses during initial
hospitalization (p=0.05) and rehospitalization (p<0.01), who
had claims for wound cultures (p<0.01) and wound care
(p=0.052), and who received antistaphylococcal antibiotics
(p=0.05) but not in diagnoses in emergency rooms or other
ambulatory settings.

We requested full text medical records that had infection
indicator codes for 368 patients who were members of plans
that participated in the record review component of this study.
We obtained 275 (75%) of these (Table 3). The health plan
with automated ambulatory medical records retrieved nearly
all requested records; from the others, the proportions ranged
from 66% to 79%. From records obtained, 149 (54%) con-
tained sufficient information to allow assessment of the pres-
ence or absence of postoperative surgical site infection.
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Table 1. Characteristics of coronary artery bypass patients of five health-care plans in Massachusetts, January 1996—March 1999

Plan 1 Plan 2 Plan 3 Plan 4 Plan 5 All p value?
Procedures 161 584 635 363 210 1,953
Age (range)? 67 (61-73) 59 (53-64) 60 (54-65) 59 (53-63) 72 (68-75) 61 (55-67) <0.0001
Sex, % male 77 78 83 80 60 78 <0.0001
Prescriptions (range) during the 180 days 14 (9-22) 18 (10-28) 18 (12-27) 9 (6-12) 14 (7-21) 15 (9-24) 0.0001
before surgery
Chronic disease score (range)b 2,474 2,211 2,378 2,156 2,369 2,283 0.01

(1,774-3,704) (1,403-3,456) (1,506-3,662) (1,372-3,350) (1,432-3,376) (1,446-3,511)

Prescriptions (range) during the 30 days after 5(33-7) 6 (4-8) 4 (3-6) 5(3-7) 3(0-5) 53-7) <0.0001
surgery
Days (range) with ambulatory care claims b 1(1-2) 10 (7-13) 6 (3-8) 11 (8-16) 14 (10-18) 8 (5-13) 0.0001
Diagnoses on days with ambulatory claims 2.6 2.6 22 1.9 1.5 22
(average)
Patients with specified indicator of infection % (no. of patients):
Diagnosis during index hospitalization 6(9) 3(17) 2(14) 2(7) 1(2) 3(49) 0.05
Diagnosis in ambulatory setting (excludes 12 (19) 15 (89) 17 (105) 11 (39) 13 (28) 14 (280) NS
emergency room)
Diagnosis in emergency rooms 2(3) 3(19) 2(12) 2 (6) 1(3) 2(43) NS
Diagnosis during second hospitalization, 9 (14) 7 (41) 2 (15) 2 (6) 0(1) 4(77) <0.01
includes extended care facilities
Antistaphylococcal antibiotic in ambulatory 16 (26) 18 (107) 13 (81) 14 (52) 12 (25) 15(291) 0.05
setting
Wound culture performed 2(3) 2(12) 5(33) 6(22) 1(2) 4(72) <0.01
Wound care 0(0) 1(4) 2 (15) 1(5) 1(2) 1(26) 0.052

3K ruskal-Wallis or chi-square tests of the null hypothesis of no difference between plans.
"Median (interquartile range).

Common reasons for classifying the documentation inade-
quate were lack of any evidence that the provider or facility
had cared for the patient during the 30 days after surgery or
submission of records from a time that excluded this interval.
Records were considered to be adequate if the status of the
incisions during a postoperative visit was not mentioned. From
charts with adequate documentation, 79 (53%) patients were
confirmed to have infection; 70 of these infections were super-
ficial. Another 19 (13%) patients partially satisfied CDC
NNIS criteria for surgical site infection. The confirmation rate
was similar for those with estimated probabilities of infection
0of >9%-20% (48%, 35/73) and those with estimated probabil-
ities >50% (59%, 43/73). No substantial difference existed
between either health plans or hospitals in the proportions with
confirmed infection; these proportions exceeded 50% for
every health plan and hospital except one, for which the con-
firmation rate was 45% (data not shown).

Of the four studied hospitals, the proportions of patients
with an indicator of infection varied from 19% to 36% (Table
2). The rank ordering of the hospitals was consistent across the
different health plans, with hospital D having the highest pro-
portion in four plans and hospital B having the lowest in three
of them. Hospital D’s excess, compared to hospitals A and B,
was considerably greater during the year beginning April 1997
than during the year beginning April 1998 (Figure 2). Hospital
B had either the lowest percentage or was close to the lowest
during the 2 years. After these results were known, hospital D
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indicated that it had identified an increase in its sternal surgical
site infection rate from July through December 1997 through
hospital-based surveillance and had intervened to address this

Including pharmacy data

100
H Plan 1
80 Plan 2
60 o Plan 3
o .
% of patients 40 Plan 4
20 | m Plan 5
oAl
JRA Nl Ewn

0-1 »1-8 =820 »20-50 =50
Estimated probability (%) infection had occurred

Excluding pharmacy data
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60 mPlan 3
o .
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Figure 1. Distribution of individual patients’ estimated probability of
infection.

¢ Vol. 8, No. 12, December 2002



RESEARCH

Table 2. Patients with indicators of infection by hospital and health maintenance organization claims system

Plan 1 Plan 2 Plan 3 Plan 4 Plan 5 Total

Hospital (% Patients with indicator/all patents)

A 33 (36/108) 33 (45/136) 27 (48/175) 23 (12/53) 16 (7/45) 29 (148/517)
B — 15 (7/41) 21 (54/256) 16 (21/131) 25 (8/32) 19 (89/460)
C 30 (3/10) 56 (9/16) 26 (16/62) 25 (12/48) 11 (3/28) 26 (53/164)
D 100 (1/1) 41 (41/100) 55 (50/141) 34 (29/86) 34 (11/32) 36 (132/360)
Other 31(13/42) 28 (81/291) 0(0/1) 27 (12/45) 25 (18/73) 27 (124/452)
All 33 (53/161) 31 (182/584) 26 (168/635) 23 (86/363) 22 (47/210) 27 (536/1953)

increase (pers. comm., hospital D’s epidemiologist). The
increase noted by hospital D overlapped with the two periods
during which claims-based surveillance showed the hospital’s
rate to be high.

The hospitals were different from one another in the pro-
portion of patients with an indicator of infection (p<0.0001),
after controlling for health plan, patient age, and patient sex.
The adjusted relative odds of a patient’s having an indicator
for infection for hospital D compared to hospital B was 2.3,
with intermediate values for the others (Table 4). Patient age,
sex, and health plan were also significant predictors of an indi-
cator of infection. However, the interaction between health
plan and hospital was not significant, indicating that the risk of
infection at each hospital was not affected by membership in
any particular plan. The adjusted relative risks for the hospitals
were nearly identical in models that substituted the chronic
disease score, which incorporates preoperative prescription
drug information along with age and sex, in place of age and
sex as separate risk factors. Nearly identical results were
obtained when the health plans with highest and lowest values
were excluded from these analyses, either singly or together.
The results were also nearly the same when we included the
969 patients (totaling 2,922 of the original 3,014 cases) who
had been excluded because they had no pharmacy dispensing
activity during the 6 months before surgery or because they
belonged to the health plan that provided no claims for postop-
erative ambulatory care.

We also assessed the effect of ignoring postoperative anti-
biotic information. In this situation, 363 (18%) of 1,953 per-
sons had an indicator suggestive of infection, compared to

50
-k
40 = Sery
% with 30 e W re—a — - #—- Hospital A
infection ,',\\' A._ —=—Hospital B
indicator 20 - == —Hospital D
10
0 ‘ T T
4/97-  10/97-  4/98- 10/98-
9/97 3198 9/98 3/99

Figure 2. Proportion of patients with an indicator of infection, by hospital
and 6-month period.
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27% when antibiotics were included, using the same model
and setting the contribution of absolute zero. The distribution
of estimated probability that infection had occurred still had
two peaks, clustered as before at 10% and 70% (Figure 1).
These estimated probabilities including and excluding postop-
erative antibiotic information were highly correlated. For all
patients together, the Spearman correlation coefficient was
0.81 (p=0.0001); the health plan specific correlation coeffi-
cients ranged from 0.71 to 0.83. When postoperative antibiotic
dispensing in the ambulatory setting was ignored, qualitatively
similar results regarding the relative odds associated with spe-
cific hospitals were also obtained, although the effect of the
hospital was less strong (p=0.03, Table 4).

Discussion

These results agree with earlier findings indicating the
value of using automated claims data to identify persons who
are likely to have experienced a postoperative surgical site
infection. In this setting, infection was confirmed in approxi-
mately 58% of patients with an indicator in claims data. These
findings were also consistent with earlier findings that most
infections are detected in ambulatory settings or in hospitals
other than the one in which surgery was performed. This result
is notable in this case because complications of CABG are
probably more likely to be cared for in the institution where
surgery is performed, compared to complications of other
types of procedures.

A principal reason to use automated data in this way would
be to screen institutions periodically to identify those with
higher than expected proportions of patients with an indicator
of infection. However, a high proportion of patients with indi-
cators does not necessarily imply that a hospital’s infection
rate is high, since the overall confirmation rate may vary
across hospitals and over time. Rather, the finding of a high
proportion with infection indicator codes would allow directed
inquiry about whether these institutions’ actual infection rates
exceeded either their own usual level or the rates for similar
institutions. In our data, the claims data suggested that hospital
D’s rate was high, which was confirmed by the hospital. These
data might also be used to identify institutions with consis-
tently low proportions of patients with indicator codes; these
institutions may be able to assist others in identifying and
implementing best practices. In our case, hospital B may be
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Table 3. Infections noted in full text medical record review?

Plan 1 Plan 2 Plan 4 Plan 5 All
Records sought 53 182 86 47 368
Records obtained (%) 51 (96) 125 (69) 68 (79) 31 (66) 275 (75)
Adequate documentation (% of records received) 45 (88) 62 (50) 29 (43) 13 (42) 149 (54)
Adequate documentation among records sought 45 (85) 62 (34) 29 (34) 13 (28) 149 (40)
Surgical site status (% of those with adequate documentation)
Confirmed surgical site infection 23 (51) 31 (50) 15(52) 10 (77) 79 (53)
Problem wound healing, not meeting criteria for infection. 7 (16) 7(11) 3 (10) 2 (15) 19 (13)
No evidence of infection 15(33) 24 (31) 11 (38) 1(8) 51(34)

For logistical reasons, records were not sought from plan 3.

such an institution, since its proportion of patients with an
indicator code was usually the lowest of the group.

Since claims like the ones used here are created for nearly
all patients, performing such screening for most hospitals
would be possible. The type of work involved, manipulation of
automated claims data and review of selected records, is simi-
lar to work already performed by many health maintenance
organizations as part of their accreditation requirements. Such
activities might be integrated with those of peer review organi-
zations, which have experience in working with hospitals to
assess care and to implement changes to improve it. The incre-
mental work for health plans of performing this screening is
relatively small, after the initial work of implementation.

The data we used were created mainly to support financial
operations; therefore, the underlying data systems differ con-
siderably within and between health plans. Health plans’ data
systems differ (e.g., the number of diagnoses and procedures
per claim that they capture). Additionally, the reliability of
data can vary in ways not appreciated by the health plans
themselves. For example, we found that one health plan identi-
fied no claims for postoperative ambulatory care. Limiting
assessment to patients and procedures for which the overall
patterns of care appear to be appropriate is important.

Health plans themselves differ in a variety of ways that
may influence the proportion of patients with indicators for
infection, including the patient populations they serve. These
populations may differ in their underlying risk for infection. In
the health plans we studied, the different distributions of age,
sex, and chronic disease scores illustrate this point. The differ-

ent benefits packages of the health plans also cause differences
in the proportion with indicators. For example, one of the
health plans had limited prescription drug coverage. There-
fore, comparisons between health plans’ results must be made
with care.

The differences between the health plans did not affect our
inter-hospital comparisons, shown in Table 4. We interpret this
result to mean that combining results from different health
plans is possible, as long as the comparisons control for health
plan. Combining results to obtain sufficient numbers of proce-
dures and stable estimates of risk is desirable. Consistency of
effect across insurers provides additional support for the com-
parisons.

Differences between hospitals’ proportions of patients
with infection indicator codes may reflect a difference in the
actual risk of infection, but they may also result from system-
atic differences in the way they or their clinicians assign diag-
nosis and procedure codes or report them to payers. Because
of these potential differences, outlier values observed in claims
data should be confirmed by direct assessment of clinical out-
comes. For this reason and others, a hospital’s proportion of
patients with indicator codes should not be equated with its
infection rate.

Because our record review confirmed similar proportions
of infections among patients with low and high estimated risks
of infection, we recommend focusing on all patients with any
of the indicators, rather than those with higher estimated prob-
abilities of infection. Focusing on all patients with an indicator
of infection eliminates some of the potential sources of unin-

Table 4. Adjusted hospital specific risks?

Patients with at least one

indicator code for infection ~ Hospital B vs. A Hospital C vs. A Hospital D vs. A Other hospitals vs. A p value
Including pharmacy data 536/1,953 0.68 1.03 1.57 091 <0.0001
(0.49-0.94)° (0.68-1.55) (1.16-2.13) (0.67-1.24)
Excluding pharmacy data 363/1,953 0.84 0.92 1.62 1.05 0.03
(0.58-1.20) (0.56-1.50) (1.15-2.28) (0.74-1.50)

8Adjusted for health plan, age, and sex. The interaction between health plan and hospital was not significant in any of these models. Similar results were obtained in models adjusting
for chronic disease score (a composite of age, sex, and pharmacy information), instead of age and sex.

bAdjusted odds ratios and (95% confidence intervals).
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formative variation between hospitals and health plans, since
the estimation of risk for each patient uses combinations of
specific codes. In addition, the larger number of events pro-
vides more stable estimates and therefore facilitates compari-
sons. The relatively small number of confirmed deep
infections prevented assessment of differential ability of this
method to identify different types of surgical site infections.
We do not know whether the fact that 89% of confirmed infec-
tions were superficial reflects the actual epidemiology of sur-
gical site infections or differential ascertainment of deep
infections, which are likely to be diagnosed and treated in the
inpatient setting. Our earlier work (18) suggested the approach
we used had good sensitivity for detecting infections diag-
nosed among inpatients.

Although pharmacy claims are an indicator of infection,
sometimes the only indicator, we obtained qualitatively similar
results when we ignored this information. Therefore, we
believe claims data can be assessed even when pharmacy
claims are unavailable. However, controlling for the availabil-
ity of this information will be important when making compar-
isons. Although automated ambulatory medical records are
still not widely used, using their information when it is avail-
able is worthwhile, since this information is typically more
complete. The same caveat will apply about controlling for
automated medical records versus claims data as the data
source.

We cannot directly extrapolate these results regarding cor-
onary artery bypass to other types of procedures. For instance,
ICD9 code 998.5 (postoperative infection) may be much less
specific when assigned during hospitalizations for other types
of surgical procedures. For example, the code may be assigned
during a hospitalization for breast surgery to treat pre-existing
infection. Because of this, the usefulness of these indicators
for common procedure types should be determined. However,
earlier work did indicate usefulness of indicators obtained
from automated data for an unselected set of nonobstetric pro-
cedures (17) and separately for identification of postpartum
infection (23).

We conclude that automated claims systems currently
maintained by most health plans and insurers to reimburse
institutions, providers, and pharmacies can serve as the basis
for a screening system that would allow assessment of most
hospitals’ outcomes of coronary artery bypass procedures and
possibly of other procedure types. Such screening would allow
focused follow-up of specific institutions to determine if their
infection rates actually are high and if specific practices can be
changed to reduce the risk to patients. Such screening systems
will be particularly useful if different health plans combine
their results. The effort required to implement a system that
includes a majority of hospitals that perform coronary artery
surgery is not large in relation to existing quality improvement
programs and would provide information that complements
existing programs for identification and control of surgical site
infections.

Emerging Infectious Diseases ¢ Vol. 8, No. 12, December 2002
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Appendix 1.
Antibiotics, diagnosis, and procedure codes used to identify potential
infections®
Antibiotics®
Cephalexin
Dicloxacillin
Clindamycin
Cephradine
Vancomycin
Diagnoses assigned in hospitals, emergency
departments, or outpatient settings (ICD9 codes)

998.0 Postoperative Shock

998.3 Post-op Wound Disruption
998.5 Postoperative Infection
998.51 Infected Post-op Seroma
998.59 Post-op Infection Nec
998.83 Non-Healing Surg Wnd
780.6 Fever

891.0 Op Wnd Low Leg /S Comp
891.1 Open Wnd Knee/Leg-Comp
682.6 Cellulitis of Leg

682.9 Cellulitis Nos

998.9 Surgical Comp Nos

38.0 Streptococcal Septicemia

38.1 Staph Septicemia

38.10 Staph Septicemia Nos
38.11 Staph Aureus Septicemia
38.19 Staph Septicemia Nec
38.2 Pneumococcal Septicemia
38.3 Anaerobic Septicemia
38.4 Gram-Neg Septicemia Nec
38.40 Gram-Neg Septicemia Nos
38.41 H. influenzae Septicemia
38.42 E. coli Septicemia

38.43 Pseudomonas Septicemia
38.44 Serratia Septicemia

38.49 Oth Gram-Neg Septicemia
38.8 Septicemia Nec

38.9 Septicemia Nos

790.7 Bacteremia

611.0 Inflam Disease of Breast
682.0 Cellulitis of Face

682.1 Cellulitis of Neck

682.2 Cellulitis of Trunk

682.3 Cellulitis of Arm

682.4 Cellulitis of Hand

682.5 Cellulitis of Buttock

682.6 Cellulitis of Leg

682.7 Cellulitis of Foot
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682.8 Cellulitis, Site Nec
682.9 Cellulitis Nos
686.0 Pyoderma
686.1 Pyogenic Granuloma
686.8 Local Skin Infection Nec
686.9 Local Skin Infection Nos
958.3 Posttraum Wnd Infect Nec
711.00 Pyogen Arthritis-Unspec
996.6 Infect/Inflam-Dev/Graft
996.60 Infect Due To Device Nos
996.61 Infect D/T Hrt Device
996.62 Infect D/T Vasc Device
996.63 Infect D/T Nerv Device
996.64 Infect D/T Urethral Cath
996.65 Infect D/T GU Device Nec
996.66 Infect D/T Joint Prosth
996.67 Infect D/T Orth Dev Nec
996.68 Infect D/T PD Cath
996.69 Infect Due To Device Nec
674.3 Oth Comp OB Surg Wound
879.0 Open Wound of Breast
879.1 Open Wound Breast-Comp
879.2 Opn Wnd Anterior Abdomen
879.3 Opn Wnd Ant Abdomen-Comp
879.4 Opn Wnd Lateral Abdomen
879.5 Opn Wnd Lat Abdomen-Comp
879.6 Open Wound of Trunk Nec
879.7 Open Wnd Trunk Nec-Comp
879.8 Open Wound Site Nos
879.9 Opn Wound Site Nos-Comp
875.0 Open Wound-Chest/S Comp
875.1 Open Wound Chest-Comp
Specimens obtained for culture (CPT codes)
87040 Blood Culture for Bacteria
87072 Culture of Specimen by Kit
87075 Culture Specimen, Bacteria
87076 Bacteria Identification
87081 Bacteria Culture Screen
87082 Culture of Specimen by Kit
87083 Culture of Specimen by Kit
87084 Culture of Specimen by Kit
Wound care procedures (CPT codes)
10180 Complex Drainage Wound
11000 Debride Infected Skin
11001 Debride Infect Skin Add
15852 Dressing Change, Not for Burn

4Some of these codes are applicable principally to surgical procedures
other than CABG. They were included during the development of the algo-
rithm shown in Appendix 2, which was developed to include CABG and other
procedures [XXREF]. For consistency, these codes were retained in this evalu-
ation of CABG procedures alone.

bThese antibiotics were identified by an ambulatory pharmacy claim.

Appendix 2.
Algorithm used to assign probability that infection had occurred
p=exp (@ +1x;+ ...+ Xp/(1 +exp (a0 + x| + ... + gXg)), where

a=-516

By =+3.03

x, = dispensing any of five selected antibiotics
B,=+6.06

X, = any selected diagnosis in hospital
B3=+1.05

x3 = any selected diagnosis in emergency dept (if x2 = 0)
Bsy=+2.98

x4 = any selected diagnosis in outpatient setting

Bs=+2.91

x5 = selected bacterial culture
Be=+1.91

X¢ = wound care

B;=-1.79

X7 = interaction of x4 and x6
Bg=-2.70

xg = interaction of x4 and x2
Bo=-2.21

Xg = interaction of x4 and x5
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Cross-Sectional Study on
Influenza Vaccination,
Germany, 1999-2000

Sybille Rehmet,*t Andrea Ammon,* Giinter Pfaff,i Nikolaus Bocter,§
and Lyle R. Petersenq

To assess influenza vaccination coverage in Germany, we conducted a nationwide telephone survey in
November 1999 in adults (>18 yrs) using random-digit dialing. Overall, 23% of 1,190 survey participants
reported having been vaccinated (adjusted 18%) with 16% (adjusted 15%) in former West Germany ver-
sus 35% (adjusted 32%) in former East Germany. Immunization rates for vaccination target groups were
lower in West Germany (21%) than in East Germany (40%). Seven percent of health-care workers were
immunized. Previous influenza vaccination, positive attitudes towards immunization, and having a family
physician increased the rate of vaccination; fear of adverse effects lowered the rate. Family physicians
performed 93% of the vaccinations, which suggests their key role in improving low vaccination coverage in
Germany. The fact that >71% (850/1,190) of participants belonged to at least one of the vaccination target
groups recommended by the German Standing Commission on Immunization emphasizes the need to

focus the definition of target groups.

T en years after the reunification of the former East and
West Germany, the Federal Republic of Germany still
shows the effects resulting from combining two different
health-care systems after being apart for 50 years. Even
though the health-care systems were merged soon after reuni-
fication, differences in health-care practices persist, especially
in regard to preventive medicine and immunization, which had
a much higher priority in the former East Germany. For exam-
ple, a pilot study undertaken in Berlin, Stuttgart, and Chemnitz
during the influenza season 1998-1999 showed much higher
influenza vaccination rates in East Berlin and Chemnitz in the
former East Germany (called former East in this paper) than in
West Berlin and Stuttgart in the former West Germany (called
former West in this paper) (1,2).

In general, population-based studies of influenza vaccina-
tion coverage for a country do not exist. A Canadian study
found 13.8% influenza vaccination coverage in fall and winter
1990-1991 (3). Most studies on influenza vaccination cover-
age investigate specific groups such as the elderly (4-13),
patients from general practices (14,15), or hospitalized
patients (16).

This lack of nationwide, population-based studies, along
with the findings of the pilot study showing markedly different
vaccination rates in several German cities, prompted the
nationwide, population-based survey reported here. The goals
of our survey were to determine the influenza immunization
rates in areas of the former East and West during the 1999—
2000 influenza season, the proportion of the German popula-

*Robert Koch-Institut, Berlin, Germany; tGesellschaft fir Technische
Zusammenarbeit (GTZ), Eschborn, Germany; fLandesgesundheitsamt
Baden-Wiirttemberg, Stuttgart, Germany; §Akademie fiir Offentliches
Gesundheitswesen, Dusseldorf, Germany; and YCenters for Disease
Control and Prevention, Fort Collins, Colorado, USA
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tion included in specific vaccination target groups recom-
mended by the German Standing Commission on
Immunization, the vaccination rates among these target
groups, and factors that might influence immunization rates in
areas of the former East and West.

Methods

Background

Germany has a population of 82 million; 14 million live in
areas of the former East and 68 million in areas of the former
West (17). The German Standing Commission on Immuniza-
tion has recommended that the following groups receive influ-
enza vaccination: 1) persons >60 years old, 2) persons with
chronic illness, 3) health-care professionals, and 4) persons
who have extensive contact with the general public. The first
three groups comprise an estimated 35% of the general popu-
lation and 42% of the adult population of Germany (Arbeits-
gruppe Seuchenschutz, Robert Koch-Institut, 7 September
1999). The size of the fourth group is unclear because of its
widely applicable definition. For the target groups, the influ-
enza vaccination period started in September 1999. Vaccina-
tions were administered free of charge.

Survey

The target survey population included noninstitutionalized
persons >18 years of age living in Germany. A standardized,
pretested questionnaire was administered by telephone on
November 8 and November 22, 1999. Sample households
were chosen by random-digit dialing by using a computer-gen-
erated list of possible telephone numbers. Approximately half
of the telephone numbers on the list had prefixes in the former
East. However, the proportion of working phone numbers was
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lower in the former East, so the actual number of former East
residents who answered the phone and agreed to participate
was <50% of all participants. The person who initially
answered the telephone was eligible to be interviewed; to be
eligible, persons also had to be >18 years of age, live in a pri-
vate household, and have sufficient knowledge of German to
be able to understand and answer the questions. If persons <18
years of age answered the phone, they were asked if an adult
was present in the household, and an attempt was made to
interview that person. After verbal, informed consent was
obtained from the participant, we administered a questionnaire
that gathered information about demographics, individual risk
factors for contracting influenza, history of vaccination, gen-
eral attitude towards immunization, perceived efficacy and
adverse effects of the influenza vaccine, as well as other fac-
tors that might influence whether a person was likely to have
been vaccinated.

Participants were counted as being vaccinated in the current
influenza season if they reported having received an influenza
vaccination after September 1, 1999. Persons were counted as
being in a target group recommended by the German Standing
Commission on Immunization if they reported one or more of
the following: 1) age of >60 years, 2) chronic illness currently
requiring regular medical supervision or treatment, 3) work in a
health-care environment, in which at least half the working day
involved interacting with patients, and 4) working at a job in
which more than half the working day was spent with people
who were not their colleagues. To provide added specificity,
these latter two groups were narrower in scope than those
defined by the Standing Commission on Immunization. In the
following text, these two groups are summarized as “profes-
sional exposure.” Immunization rates were adjusted for age,
sex, and residence in areas of the former East and West accord-
ing to the official 1998 population data (17).

Results

Study Population

Dialing 4,863 numbers yielded 2,057 actual connections.
Of these, 25 were discarded because the person who answered
the phone had insufficient knowledge of German and 24
because no present household member was >18 years of age.

RESEARCH

Of the remaining 2,008 persons, 1,190 (59%) participated in
the survey. Of the participants, 718 (60%) reported living in
the former West, 462 (39%) in the former East, and 10 (1%)
did not report location of residence. Sixty-three percent (452)
of survey participants living in the former West and 60% (276)
living in the former East were women. The median age was 47
years for persons living in the former West and 51 years for
those in the former East. Three percent (33) of survey partici-
pants were not German citizens.

Immunization Status

Of the 1,183 participants who reported their vaccination
status, 277 (23%) reported having been vaccinated since Sep-
tember 1. Reported immunization rates were much lower in
the former West Germany (16%; 115/715) than in the former
East (35%; 159/459). The study population differed from the
general German population with regard to age structure, gen-
der, and place of residence in the former East or West as
reported in the official population data from 1998 (17). The
estimated immunization rate for the whole country, adjusted
for age, gender, and place of residence (former West or East),
was 18% (95% confidence interval [CI] 16% to 21%). The
age- and gender-adjusted immunization rate in the former
West was 15% (95% CI 13% to 18%), a figure significantly
lower than 32% (95% CI 28% to 37%) in the former East.

Sixty-eight percent (489) and 78% (361) of survey respon-
dents living in the former West and East, respectively, reported
at least one characteristic that placed them in an influenza
immunization target group. Among target group members,
reported vaccination rates were nearly twice as high among
those living in areas of the former East (40%; 142/358) than
those living in areas of the former West (21%; 101/486).
Immunization rates were higher among all target subgroups in
areas of the former East (Table 1). Vaccination rates were par-
ticularly low among health-care workers (7% [95% CI 1% to
13%] in the former West and 10% [95% CI 1% to 19%] in the
former East).

Possible Factors Influencing Immunization

We restricted our analyses of factors influencing the
immunization rate to those reported by the 587 participants in
the target subgroups (aged >60 years, chronically ill, and

Table 1. Immunization rates in the target groups for influenza vaccination, former West and East Germany, November 1999

Former West Germany

Former East Germany

Target groups Vaccinated % (95% CI%) Total Vaccinated % (95% CI%) Total
>60 yrs of age 78 37 (30% to 43%) 213 90 55 (47% to 63%) 163
Chronic illness 51 31 (24% to 39%) 164 81 49 (41% to 57%) 165
Professional exposure 21 9 (5% to 13%) 243 39 25 (19% to 33%) 155
Health-care workers 4 7 (2% to 16%) 60 2 10 (1% to 30%) 21

Workers with public contact 17 9 (6% to 14%) 183 37 28 (20% to 36%) 134
One or more of the above 101 21 (17% to 25%) 486° 142 40 (35% to 45%) 3580

3CI, confidence interval.

bTotals do not include three persons from former West Germany and three persons from former East Germany for whom information on immunization status was not available.
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working in the health-care profession) and for whom informa-
tion on area of residence in former East or West, as well as
vaccination status, was available. Among these persons, those
reporting a positive overall attitude towards immunization,
those believing that the vaccine is efficacious, and those hav-
ing had received an influenza vaccination in previous years
were much more likely to have been vaccinated in the current
immunization period (Table 2). Those reporting fear of con-
tracting influenza from vaccination and fear of other adverse
effects had lower immunization rates.

Participants who had read at least one media article in the
fall about influenza immunization or who thought influenza a
serious illness had similar or slightly higher immunization
rates than those without these characteristics (Table 2).
Although all the participants included in this analysis reported
at least one characteristic of the target subgroups, only 21%
(121/587) considered themselves to be at increased risk of
contracting influenza compared with the general public.

Role of the Family Physician
Vaccinated survey participants in the key target vaccina-
tion groups (those aged >60 years, those with chronic illness,

and health-care professionals) reported that family physicians
performed 93% (84/90) and 94% (106/113) of vaccinations in
the former West and East, respectively. Among those partici-
pants not vaccinated, more than half (52% in the former West
and 63% in the former East) stated that they would have
agreed to be vaccinated on the advice of a physician. Persons
who reported having a regular family physician had higher
immunization rates (Table 2). Those who had visited a physi-
cian since September 1, 1999, were more likely to have been
immunized than those who had not. During the visit, if the
physician had advised immunization, the probability of being
immunized increased further. However, only 40% (94/233)
and 60% (118/196) of those living in the former West and
East, respectively, who reported having had a consultation
since September 1, 1999, also reported having been offered
influenza vaccination by their physician.

Immunization in the Workplace

Of the working survey participants, 18% (70/386) and
15% (33/228) in the former West and East, respectively, indi-
cated that influenza immunization had been offered at the
workplace. For those employed in health-care professions,

Table 2. Factors significantly influencing likelihood of an influenza vaccination during the immunization period (1999—2000) for 587 survey partici-

pants, by area of residence, November 1999~°

Former West Germany

Former East Germany

Vaccination Vaccination
Yes No OR 95% C1 Yes No OR 95% CI

Influenza vaccination in previous years Yes 69 52 10.4 5.8% to 19.1% 101 42 18.4 8.9% to 40.9%
No 24 190 12 93

Positive attitude towards immunization in general Yes 78 164 7.8 1.9% to 68.9% 108 103 6.3 1.3% to 58.8%
No 2 33 2 12

Belief in efficacy of vaccine Yes 84 159 9.7 2.4% to 85.3% 111 94 12.3 2.9% to 110.9%
No 2 34 2 21

Belief that influenza is a severe disease Yes 73 200 3.1 0.7% to 28.3% 90 106 23 0.7% to 10.4%
No 2 17 4 11

Information from the media Yes 48 134 0.9 0.5% to 1.4% 80 77 1.8 1.0% to 3.2%
No 44 105 32 56

Regular family physician Yes 92 217 11.8 1.9% to 490.6% 112 123 5.0 1.1% to 47.2%
No 1 28 2 11

Consultation with physician since September 1, 1999 Yes 81 152 4.4 2.2% t0 9.6% 109 87 14.6 5.1% to 57.9%
No 11 91 4 47

Vaccination offer during consultationd Yes 63 31 135 6.7% t0 27.9% 83 35 4.7 2.5% 10 9.2%
No 18 121 26 52

Fear of contracting influenza through vaccination Yes 17 111 0.2 0.1% to 0.5% 29 62 0.5 0.3% t0 0.8%
No 55 84 60 59

Fear of adverse effects Yes 5 54 0.1 0.0% to 0.3% 11 24 0.3 0.1% to0 0.7%
No 80 87 94 62

30R, odds ratio; CI, confidence interval.

PDenominator varies because persons who indicated “don’t know” were not included in the analysis.

Target groups included those >60 years of age, the chronically ill, and those who worked as professionals in the health-care sector.

dOnly persons having seen a physician since September 1, 1999.
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these percentages were 35% (21/60) and 43% (9/21) in the
former West and East, respectively. Five (6%) of the 80 immu-
nized working participants were immunized at the workplace.

Discussion

We estimate that, as of November 22, 1999, 18% of the
German population >18 years of age had received influenza
vaccination for the 1999-2000 influenza season. This percent-
age corresponds to the 20% maximum estimate of the immuni-
zation rate calculated from the number of vaccine doses sold
for the immunization period 1999-2000, assuming all doses
sold were given (13.1 million doses for the 1999 influenza
vaccination period; data provided by the suppliers). The esti-
mated immunization rate of 18% is substantially lower than
the target of 42%, based on percentage of the adult population
comprising the key target groups for vaccination. Vaccination
rates were nearly twice as high among persons living in the
former East than in the former West, despite the fact that the
two health-care systems have been unified for almost 10 years.
Similar geographic differences in rates existed among all rec-
ommended vaccination target groups. Nevertheless, vaccina-
tion rates were inadequate among the key target groups of the
elderly and those chronically ill in all areas; only approxi-
mately one third of persons in the former West and one half in
the former East were vaccinated. Another finding was the low
vaccination rates among surveyed health-care workers; how-
ever, few health-care workers were surveyed.

In Germany, the attitudes and practices of the family physi-
cians may be a critical factor in influencing influenza vaccina-
tion rates. Our study showed that persons in key target groups
for vaccination (age >60 years, chronic illness, health-care
professionals) who had had a regular family physician and had
had a recent medical consultation during which the physician
offered vaccination were much more likely to have been vacci-
nated. These results are consistent with other studies showing
the importance of physicians or health-care personnel in moti-
vating people for influenza vaccination (3,9). Almost all vacci-
nations, both in the former West and East, were given by a
family physician, and over half the nonimmunized participants
stated they would have agreed to be vaccinated on advice of a
physician. Family physicians thus have a substantial opportu-
nity to improve immunization coverage by more actively and
frequently recommending vaccination, especially to persons
belonging to a risk group. The fact that 60% of participants
belonging to key target groups for influenza vaccination in the
former West and 40% in the former East who had seen their
physician during the immunization period were not actively
offered vaccination indicates many missed opportunities for
vaccination. A study by Booth et al. (14) shows that 71% to
82% of general practitioners reported having routinely offered
influenza vaccination to patients from risk groups. Although
similar data do not exist for Germany, that only 40% to 60% of
our survey participants reported having been offered immuni-
zation suggests that fewer general practices routinely offer
vaccination. Perenboom et al. (18) found that, in the Nether-
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lands, when general practitioners invited their chronically ill
patients to be vaccinated, vaccination coverage increased
among this group to 75.5%, compared with 42% for the same
risk group found in the National Health Interview Survey.

Health-care workers represent a specific target group with
an extremely low vaccination rate. Because the number of
health-care workers who participated in this study was low (81
workers), results must be carefully interpreted. Our results,
however, were confirmed by later studies (Hallauer et al.,
unpub. data; 6). Health-care workers might not be reached by
family physicians, but rather by alternative interventions such
as vaccination programs at the workplace. However, this group
needs further investigation regarding targeted interventions to
increase vaccination coverage.

Among those in key target groups for vaccination, persons
who had received an influenza immunization in a previous
year were much more likely to have been immunized during
the current period. This conclusion is consistent with the find-
ings of several previous studies (19-28). Therefore, a con-
certed effort to increase vaccination coverage in target groups
in 1 year might have a positive impact on revaccination in the
following years. This success rate might be one reason for the
persistently higher vaccination rates among persons living in
the former East.

Our results suggest several possibilities for improving
influenza vaccination rates in Germany. One possibility would
be to better focus the target populations for influenza vaccina-
tion. We found that approximately 70% of the population fit
into a target vaccination group, largely due to the category
comprising public exposure in the workplace. Despite the fact
that our definition for this target group (persons who spend
more than half their working day dealing with many people
not their colleagues) was narrower than that used by the Ger-
man Standing Commission on Immunization (public exposure
in the workplace), this group included almost half the partici-
pants belonging to target groups. Were this group defined
more precisely, the criteria could be communicated more
clearly to family physicians and employers and thus make the
indications for immunization less ambiguous.

Fear of contracting influenza through immunization and
fear of adverse effects had a negative impact on the immuniza-
tion rate, as seen in other studies (3,9,19,21,22,24,26,28,29—
33). Health information messages, particularly those given by
physicians aimed at reducing these fears, may have a benefi-
cial effect on vaccination rates. Earlier research suggests that
the self-perception of influenza risk is often inaccurate (1,2).
Our study confirms this finding; only about one fifth of those
participants belonging to a target group were, in their own
opinion, at higher risk of becoming more severely ill from
influenza than the general population. Again, we suggest that
targeted information about risk factors for influenza and com-
plications should be enforced. Another way to increase vacci-
nation rates may be to improve workplace immunization
programs, particularly for health-care workers. We found that
<40% of health-care workers interviewed in this study
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reported having a workplace influenza immunization program.
With <10% of the health-care workers reporting having been
vaccinated, the existing programs must be largely ineffective.

Our study has several limitations. The study population
differed from the general population in age, gender, and place
of residence. To avoid possible biases because of these differ-
ences, we used standardized figures. Influenza vaccination
was self-reported; because the survey was anonymous, confir-
mation of vaccination status was not possible. In addition,
because we were unable to repeatedly call households on dif-
ferent days if nobody answered the phone on the first try, per-
sons who spent more time at home were probably more likely
to participate, resulting in an overrepresentation of persons in
certain vaccination target groups (age >60 years, chronic ill-
ness). Persons who lived in households without telephones or
could not speak German were also not sampled. If these
groups have a lower vaccination rate, our estimated vaccina-
tion rate will then have been overestimated.

The timing of the survey (late November) may have led to
an underestimate of the true vaccination rate because partici-
pants might have been vaccinated later in the season. No stud-
ies from Germany on vaccine uptake during the vaccination
period have been available up to now. However, the overall
vaccination rate shows that the study (18%) and the vaccina-
tion rate calculated by using the number of doses sold (20%)
correspond closely and suggests that the number of persons
vaccinated in the later months of the immunization period was
low. Although the German influenza vaccination experience
reported in this study suggests areas for improvement, the cir-
cumstances resulting from the German reunification also dem-
onstrate the long-term benefits of a sustained, concerted effort
to improve influenza vaccination rates.
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Legionnaires’ Disease at a
Dutch Flower Show: Prognostic
Factors and Impact of Therapy

Kamilla D. Lettinga,* Annelies Verbon,* Gerrit-Jan Weverling,* Joop F.P. Schellekens,
Jeroen W. Den Boer,tf Ed P.F. Yzerman,§ Jacobus Prins,J Wim G. Boersma,#
Ruud J. van Ketel,* Jan M. Prins,* and Peter Speelman*

After a large outbreak of Legionnaires’ disease in the Netherlands, we determined risk factors for intensive
care unit (ICU) admission and death and the impact of adequate therapy on ICU-free survival among 141
hospitalized patients. Overall mortality rate was 13%, and ICU mortality rate was 36%. Smoking, tempera-
ture >38.5°C, and bilateral infiltrates shown on chest x-ray were independent risk factors for ICU admis-
sion or death (all p<0.05). Starting adequate therapy within 24 hours after admission resulted in a higher
ICU-free survival rate compared to therapy initiation after 24 hours: 78% versus 54%, respectively
(p=0.005). However, delay in providing therapy to patients with urinary antigen tests with negative results
did not influence outcome. These data suggest that by using the urinary antigen test on admission a more
tailored approach to patients with community-acquired pneumonia may be applied.

S evere Legionnaires’ disease has an overall mortality rate of
10% to 30% (1-3), and 30% to 50% of patients require
admission to an intensive care unit (ICU) (1,4). One of the
most important determinants of outcome is the early initiation
of adequate therapy after admission (1,5). Administering
appropriate antibiotics for Legionella pneumophila during the
empiric treatment of patients with community acquired pneu-
monia has been advocated (6). Given the low frequency of
Legionnaires’ disease, this strategy is costly and leads to over-
consumption of antibiotics. Therefore, many physicians have
not adopted these guidelines in daily practice. Identifying
those patients with community-acquired pneumonia caused by
L. pneumophila is difficult.

In March 1999 one of the largest outbreaks of Legion-
naires’ disease since the first described outbreak in Philadel-
phia (7) occurred in the Netherlands. The outbreak originated
at the Westfriesian Flora, an annual flower show combined
with a consumer products exhibition, held February 19—Febru-
ary 28, 1999. The flower show was visited by 77,061 persons,
and Legionnaires’ disease developed in at least 188 (8). The
size of the outbreak provided a unique opportunity to deter-
mine which clinical factors on hospital admission predict ICU
admission or death (ICU/death). We also evaluated whether
the rapid urinary antigen test can help identify those patients
with Legionnaires’ disease for whom adequate therapy cannot
be delayed.

*Academic Medical Center, Amsterdam, the Netherlands; tNational
Institute of Public Health and the Environment, Bilthoven, the Nether-
lands; fMunicipal Health Service Zuid-Kennemerland, Haarlem, the
Netherlands; §Regional Laboratory of Public Health Haarlem, Haarlem,
the Netherlands; f[Westfries Gasthuis, Hoorn, the Netherlands; and
#Medical Center Alkmaar, Alkmaar, the Netherlands
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Patients and Methods

Study Group

On March 12, 1999, the Dutch population was alerted by
newspapers and a special broadcast that a flower show was
identified as probable origin of an outbreak of Legionnaires’
disease (9). To collect clinical data, we obtained written
informed consent from patients with Legionnaires’ disease
who had visited the flower show or their relatives. The study
was approved by the medical ethical committee of the Aca-
demic Medical Center in Amsterdam.

The following definitions were used to categorize the
patients:“confirmed Legionnaires’ disease” was defined as the
presence of a new infiltrate shown on the chest x-ray on
admission and one or more of the following laboratory criteria:
1) isolation of L. pneumophila from a respiratory sample (28
patients), 2) detection of L. pneumophila serogroup 1 antigen
in a urine sample (Binax Now Legionella urinary antigen test;
Binax, Portland, ME) (86 patients), 3) seroconversion to posi-
tive immunoglobulin (Ig)G or IgM (or both) antibody levels to
L. pneumophila, or a fourfold rise in antibody titers to L. pneu-
mophila in paired acute-phase and convalescent-phase sera (62
patients). Antibodies to L. pneumophila were determined by
using a commercial enzyme linked immunosorbent assay (IgM
cutoff >140 U/mL and IgG cutoff > 70 U/mL, serogroup 1-7;
Serion, Institut Virion-serion GmbH, Wurzburg, Germany) or
a microagglutination antibody assay (IgM, serogroup 1-12;
Regional Laboratory of Public Health, Tilburg, the Nether-
lands). In three patients, a commercial enzyme immunoassay
(Binax EIA, Binax; Biotest EIA, Biotest AG, Dreiech, Ger-
many) was positive in concentrated urine, while other diagnos-
tic tests were negative.
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“Probable Legionnaires’ disease” was defined as the pres-
ence of a new infiltrate shown on the chest x-ray on admission
and either a single high antibody titer (microagglutination
assay 1:>256; 2 patients) or a positive polymerase chain reac-
tion analysis of sputum (1 patient) (10). Patients who visited
the flower show and in whom radiologically confirmed pneu-
monia developed within 4 weeks were also considered to have
probable Legionnaires’ disease when no other cause of the
pneumonia could be established (18 patients). Patients were
excluded if the first symptoms occurred more than 4 weeks
after they visited the flower show. None of the patients were
hospitalized during the month preceding admission.

Data Collection and Definitions

Data on the following variables were collected from the
medical chart (if data were missing, patients were interviewed
by telephone): ,1) Premorbid conditions: age, sex, smoking >1
cigarette per day), alcohol intake (>2 units per day), use of
immunosuppressive medication (ongoing treatment with che-
motherapy or steroids >10 mg/day), underlying diseases such
as chronic obstructive pulmonary disease, diabetes mellitus,
chronic renal insufficiency, cancer (solid or hematologic neo-
plasm), and chronic cardiac disease (considered present if car-
diac medication was used at the time of the flower show visit).
2) Day of visiting the flower show, first day of illness, and date
of admission 3) Symptoms and results of physical examination
on admission. 4) Routine biochemical and hematologic labora-
tory tests obtained on admission. 4) Urinary antigen test results
collected from the microbiologic laboratory that performed the
test. The overall agreement between the Binax NOW and the
enzyme immunoassay Binax EIA (Binax Legionella Urinary
Antigen EIA Kit: Binax) has been found to be 98% (11). 6)
Chest radiograph results on admission and 48—72 hours later
reviewed by attending hospital radiologist. Radiographic pro-
gression during this period was defined as an increase in den-
sity or size of infiltrate, or progression to multiple lobes. 7)
Antibiotic treatment. Adequate therapy was considered a mac-
rolide or a fluoroquinolone, with or without rifampicin. 8)
Admission to the ICU, death, and renal insufficiency.

At the time of the patient’s admission, Legionnaires’ dis-
ease was defined as severe when two or more of the following
conditions were present: 1) respiratory rate >30 breaths /
minute, 2) chest radiograph showing bilateral involvement or
involvement of multiple lobes, 3) shock (systolic blood pres-
sure below 90 mmHg or diastolic blood pressure below 60
mmHg), 4) PaO, <60 mmHg or arterial oxygen saturation
<92%. For assessment of severity, we used the minor criteria
for severity of community-acquired pneumonia described by
the American Thoracic Society (12) since the major criteria
are indicators for ICU admission by themselves.

Statistical Analysis

The independent relation between clinical factors and the
dependent variable, ICU admission or death (whatever came
first), were assessed with univariate and multivariate logistic-
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regression models. Factors with a p value >0.20 in the multi-
variate analysis were excluded from the final multivariate
analysis. Continuous variables were compared using a t test
for groups; categorical variables were compared by using the
chi-square test. A two-tailed p value of 0.05 or less was con-
sidered to indicate statistical significance.

Kaplan Meier survival analysis was used to compare the
ICU-free survival between patients in whom adequate therapy
was initiated within or later than 24 hours after admission.
ICU-free survival was defined as survival without admission
to the ICU during hospitalization.

Results

Patients

Of 188 identified patients with confirmed or probable
Legionnaires’ disease during the outbreak (8), 161 patients
gave permission to collect clinical data (Figure 1). Since
severity of illness did not warrant hospital admission in 20
patients and limited clinical, laboratory and radiologic infor-
mation was available for these 20 patients, they were not
included in the final analysis. Among these 20 patients were
15 confirmed and 5 probable cases; none of these patients died
during the course of Legionnaires’ disease. The final analysis
was done on 141 hospitalized patients.

Forty-two (30%) of these 141 patients were admitted to the
ICU, 40 (95%) of whom had confirmed Legionnaires’ disease.

Identified confirmed/probable
cases during the outbreak:

188 patients

y
Permission to collect clinical data:

161 patients

v v

Excluded: 20 outpatients Hospitalized:
-15 confirmed cases
- 5 probable cases

141 patients

v

Analyzed:

120 confirmed cases
21 probable cases

I
v v

ICU admission: Mortality:

16 confirmed cases
2 probable cases

40 confirmed cases
2 probable cases

Figure 1. Patient disposition and selection. ICU, intensive care unit.
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Overall mortality rate was 13%, and ICU mortality rate was
36% (Figure 1). The median incubation time was 7 days
(range 1-18 days). The incubation time did not significantly
differ between patients with severe Legionnaires’ disease
(mean 6.8 days, [SD 3.5]) and those with nonsevere pneumo-
nia (mean 7.8 days [SD 3.1]: t test p=0.13) or between patients
who were admitted to the ICU or died (mean 7.0 days, [SD
3.1]) and those who did not (mean 7.7 days, [SD 3.5]: t test
p=0.26).

The nationwide alert on March 12 led to an increase in
hospital admissions. Patients admitted after the alert (n=71)
were less severely ill: 21% had severe Legionnaires’disease in
contrast to 44% before the alert (n=70). As expected, patients
with severe Legionnaires’ disease (46/141, 33%) had an
increased risk for ICU admission or death compared with non-
severely ill patients (OR 4.5, CI 2.1 to 9.6), p=0.001).

Characteristics on Admission

The patients’ clinical, laboratory, and radiologic data on
admission are shown in Table 1. The median age was 67 years
(range 21-92 years) and more were male (58%). Eighty-eight
(62%) patients had at least one underlying disease; cardiac dis-
ease was the most common. In the univariate analysis, smok-
ing, dyspnea, fever above 38.5°C, plasma creatinine level
>100 mmol/L, and bilateral infiltrates or pleural effusions
shown on the chest x-ray at admission were found to predict
subsequent ICU admission or death (Table 1). In the multivari-
ate analysis, smoking, temperature >38.5°C, and bilateral infil-
trates on admission were independent risk factors for ICU
admission or death (Table 2).

During hospitalization, lung infiltrates shown on the chest
x-ray progressed within 24—48 hours in 40% of the patients.
This progression was not associated with ICU admission or
death. In 39 patients (35%), renal insufficiency developed dur-
ing admission (serum creatinine level above 130 mmol/L at
any time during admission). Development of renal insuffi-
ciency was associated with ICU admission or death (OR 5.4,
CI 2.3 to 12.7). None of the patients who survived had persis-
tent renal insufficiency. In this large group of patients with
Legionnaires’ disease, no other symptoms suggested extrapul-
monary foci of infection.

Therapy and Delay in Therapy

Of the 70 patients admitted before the nationwide alert on
March 12, 44 (63%) were treated with adequate antibiotics with
a median delay of 1.5 days (range 0—14 days). After the alert,
antibiotics were changed to a macrolide or a fluoroquinolone
for 21 patients, and 5 patients were never treated with adequate
antibiotics (three of them died). All patients admitted after the
alert received adequate therapy within a median of 0 days
(range 0-3 days). Next, we studied the influence of immediate
start of adequate treatment compared with delayed treatment on
the outcome. Initiation of adequate therapy within 24 hours
after admission resulted in a higher ICU-free survival rate com-
pared with initiation after 24 hours: 78% versus 54% (Figure 2;

Table 1. Univariate analysis of factors determining outcome?®

No. patients Odds ratio p value
(%) (95% CI)°

Patient characteristics
Male 82 (58) 1.5(0.7t0 3.1) 0.30
Age >67 years 75 (53) 1.0 (0.5t0 2.1) 0.98
Underlying diseases
COPD 11 (8) 0.8(0.2t03.1) 0.73
Diabetes mellitus 16 (11) 1.0 (0.3 to 3.0) 0.95
Renal insufficiency 3(2) 1.1 (0.1to 12.1) 0.96
Cardiac disease 48 (34) 1.0 (0.5 t0 2.0) 0.90
Cancer 10 (7) 0.5(0.1t02.5) 0.41
Immunosuppressive medicationd 11 () 1.9 (0.5 t0 6.5) 0.52
Smoking® 65 (48) 24(12t05.1) 0.02
Alcohol intake® 26 (59) 3.7(0.8t0 15.8)  0.08
Symptoms
Fever 119 (84) 0.8 (0.3t02.0) 0.63
Myalgia 31(22) 0.6 (0.2to 1.4) 0.21
Headache 36 (26) 0.6 (0.3 to 1.5) 0.30
Cough 97 (69) 1.0 (0.5t02.2) 0.99
Dyspnea 79 (56) 2.6 (1.2t05.5) 0.01
Diarrhea 25(18) 1.3(0.5t03.1) 0.63
Confusion 31(22) 1.8 (0.8 to 4.0) 0.18
Physical examination
Temperature >38.5°C 101 (72) 3.6(1.4t09.3)  0.009
Respiratory rate >18/min® 34 (85) 5.6(0.6t053.4) 0
Biochemistry®
Sodium <130 mmol/L 36 (26) 2.1(1.1t04.7) 0.06
Creatinine >100 pmol/L 73 (52) 2.1(1.0to4.4) 0.05
CPK >200 U/L 25(50) 1.4 (0.5t0 4.2) 0.57
ASAT >100 U/L 21(18) 1.7 (0.6 to 4.4) 0.30
y-GT >100 U/L 12 (13) (0.090:;22.03) 0.28
PO, <9.7 kPa 96 (83) 0.64 0.37

(0.24 t0 1.70)
X-ray results
Bilateral inf